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ABSTRACT 

 

The highly unstructured interferon regulated transcription factor IRF-1 is a tumour 

suppressor protein that plays vital roles in the antiviral and DNA damage response 

pathways. To identify interacting factors that regulate IRF-1 function and expand on 

the available limited information on its interactome, an in vitro screen was developed 

using peptide-aptamer affinity chromatography coupled with mass spectrometry. 

Discrete interaction interfaces within the highly disordered Mf2 domain of IRF-1 

were identified which bind to a number of potential transcriptional regulators 

including NPM1, YB-1 and TRIM28. The screen also proved useful in identifying 

binding proteins to the C-terminal Mf1 domain, which is vital for IRF-1-mediated 

growth suppression and Cdk2 repression, and additionally regulates IRF-1 stability. 

Thus, an LXXLL motif in the Mf1 domain was found to be required for the binding 

of Hsp70 family members and cooperation with Hsp90 to regulate IRF-1 turnover 

and activity. These conclusions were supported by the finding that Hsp90 inhibitors 

suppressed IRF-1-dependent transcription shortly after treatment, whilst at later time 

points inhibition of Hsp90 led to an Hsp70-dependent depletion of nuclear IRF-1. 

Conversely, the half-life of IRF-1 was increased by Hsp90 in an ATPase-dependent 

manner leading to the accumulation of nuclear, but not cytoplasmic, IRF-1. 

Additionally, a stress specific interaction between IRF-1 and the Hsp70-associated 

ubiquitin E3 ligase CHIP, that targets Hsp70/Hsp90 clients for proteasomal 

degradation, was demonstrated. Consequently, decreases in IRF-1 protein levels in 

cells exposed to heat stress or heavy metal ions were accompanied by the formation 

of IRF-1:CHIP complexes. Based on observations that CHIP ubiquitination of IRF-1 

occurred both in the presence and absence of Hsp70, a model was proposed wherein 

Hsp70 serves as a factor that recruits CHIP to its substrates and its dissociation from 

the complex allosterically activates CHIP-dependent substrate ubiquitination. In 

support of this model, in vitro and biophysical evidence is presented, showing that 

CHIP in complex with Hsp70 is less flexible and less effective as an E3 ligase than 

CHIP alone. Thus, in agreement with recent studies, the work done in this thesis 

highlights the importance of conformational flexibility and of direct binding or 

‘docking’ of CHIP to its substrate(s) in its mechanism of action.  
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CHAPTER 1: INTRODUCTION 

 

Since the origin of living organisms there has been a struggle for survival between 

species and only the fittest would survive. With the onset of multicellularity, 

organisms were forced to respond to the selective pressure of infection by unicellular 

pathogens in order to survive. This led to the development of various defence 

mechanisms in these primitive multicellular organisms that laid the foundation for 

more complex immune systems in higher organisms. The vertebrate immune system 

comprises two major parts - the innate and adaptive components [1, 2]. The innate 

response forms the first line of defence in a vertebrate and is a quick response that 

targets a broad range of pathogens. The adaptive response, on the other hand, is the 

specific response directed against a foreign particle that is mediated by T and B 

lymphocytes and has the remarkable feature of immunological memory [2]. While 

the adaptive response is specific to vertebrates, innate defence mechanisms have 

been observed in some of the earliest living eukaryotes [3]. 

 

The Interferon regulatory factor (IRF) family of transcription factors has been 

intimately linked with the vertebrate immune response. Members of the IRF family 

play a crucial role in the development of the antiviral state and have been shown to 

perform a variety of other functions in host defence, particularly with respect to the 

innate immune response. This thesis focuses on the founding member of this family, 

IRF-1, and describes the identification of novel IRF-1 binding proteins in an attempt 

to better understand how IRF-1 mediates its cellular functions.    

 

 

1.1 The IRF family 

 

Ten IRF family members (IRF-1 to IRF-10) have been described in vertebrates, with 

IRF-10 being non-functional in humans and mice [4, 5]. A characteristic feature of 

IRF-1 family members is an N-terminal DNA binding domain (DBD) that contains 

five invariant tryptophan residues spaced at 10-18 aa intervals [5, 6]. Additionally, 

the IRF family members also contain a C-terminal IRF association domain (IAD; 
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IAD1 or IAD2) that allows them to interact with other IRF family members or other 

transcription factors [5]. An overview of each of the human IRF family members is 

given later in this chapter. 

 

Based on phylogenetic studies and evolutionary history, the 10 IRF family members 

have been divided into 2 super groups – the IRF-1 and IRF-4 super groups [4, 7]. 

The IRF-1 super group contains IRF-1 and IRF-2 which share a C-terminal IAD2 

domain that does not structurally resemble any other known domains [7]. The IRF-4 

super group is further divided into 3 groups – the IRF-3 group consisting of IRF-3 

and IRF-7, the IRF-4 group comprising IRF-4, IRF-8, IRF-9 and IRF-10, and the 

IRF-5 group containing IRF-5 and IRF-6 (Figure 1.1) [4, 7]. The 8 members of the 

IRF-4 super group share a C-terminal IAD1 domain that resembles the C-terminal 

MH2 domain of the Smad proteins [8].  

 

 

1.1.1 Evolution of the IRF family 

 

Early studies showed the absence of IRF genes in Drosophila and Caenorhabditis 

genomes, and thus the IRF family was thought to have developed in deuterosomes. A 

recent study, however, suggests that the origin of the IRF genes coincides with the 

origin of multicellularity and underwent a turbulent evolution [7]. The study 

demonstrates the presence of IRF family genes in all five major metazoan groups, 

and traces the evolution of the family up to higher vertebrates. 

 

Alignment of the sequences of two IRF proteins in sea sponges (belonging to the 

metazoan phylum porifera) showed a remarkable homology with human IRF 

proteins in both the DBD and IAD1 domains (Figure 1.2) [7]. In fact the DBD of the 

sea sponge IRFs contained the 5 invariant tryptophans and 5 aa His-Asn/Arg-Arg-
Cys/Ser-

Asn/His motif that contacts DNA, both of which are characteristics of vertebrate 

IRFs. This suggests that the IRF DBD has been highly conserved during its evolution 

[7, 9]. 
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Figure 1.1 Phylogenetic relationship of the IRF protein family (from Nehyba et 
al, 2002 [4]) 
A neighbour-joining tree of the IRF-1 family was constructed based on alignment of 
protein sequences by the computer program ClustalX. Chicken (Gg), clawed toad 
(Xl), human (Hs), Japanese flounder (Po), mouse (Mm), quail (Cj), rat (Rn), sheep 
(Oa), and torafugu (Tr) IRF sequences were analyzed. The bootstrap confidence 
values (expressed as percentages) shown at the nodes of the tree are based on 1,000 
bootstrap replications. 
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Figure 1.2 Schematic representation of two of the IAD1-containing IRF proteins 
in sea sponges: IRF-OC1 of Oscarella carmela and IRF-AQ1 of Amphimedon 
queenslandica (from Nehyba et al, 2009 [7]) 
The proteins are compared with representatives of three IAD1-containing IRF groups 
from humans (hsIRF 3, 4 and 5). Conserved domains (DNA binding domain or DBD 
and IRF association domain or IAD1) are shaded. Vertical lines represent identical 
amino acids. The five conserved tryptophans are numbered and the small black 
rectangles show the protein regions that contact DNA. The less conserved regions—
N-terminus (NT), proline and serine/threonine-rich region (PSTR), and C-terminus 
(CT) - are also indicated. Due to its low conservation, PSTR was not detected in the 
IRF-AQ1 genome sequence with certainty. 
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Interestingly, the early IRF genes detected in the metazoans appear to have 

undergone several independent expansions resulting in up to 11 genes in some 

chordates (Figure 1.3). However, roundworms and insects appear to have no IRF 

genes at all, suggesting that the genes were mutated beyond recognition in these 

genomes.   

 

Based on evolutionary history, the authors ultimately conclude that after the initial 

expansion, although IRFs underwent a massive reduction or were completely lost / 

severely mutated in some organisms, the IRF family once again expanded to 4 

members close to the appearance of the first vertebrate. These 4 members – the 

predecessors of the 4 IRF groups (1, 3, 4 and 5) – then evolved into the 10 vertebrate 

IRFs possibly as a result of 2-fold duplication of the entire genome [7].  

 

 

1.1.2 Interferons and the Interferon Signalling Pathway 

 

Interferons (IFNs) belong to a class of proteins called cytokines, which are secreted 

by cells of the immune system and function primarily in cell-cell communication and 

signalling [10, 11]. IFNs have been studied in detail in the context of host defence 

against viral infections and the term ‘interferon’ was coined to reflect their role in 

interfering with and preventing viral replication in host cells [12].   

 

IFNs are of three types – Type I, II, and III. Type I IFNs are produced by a variety of 

cells upon viral infection and include IFN-α, -β, -ω, -ε, and –κ [10, 13, 14]. The sole 

member of Type II IFNs is IFN-γ, which is produced by activated T cells and natural 

killer (NK) cells [15]. The recently discovered Type III IFNs or IFN-λs (IFN-λ1-3 or 

IL-28A, IL-28B and IL-29 respectively) are, like Type I IFNs, produced by virus-

infected cells. However, they are structurally different from Type I IFNs and they 

bind to their own distinct set of IFN-receptors [16, 17].  

 

Classic IFN signalling involves the JAK-STAT pathway (Figure 1.4). The IFNs bind 

to  their  respective  receptors  –  IFN-α/β  receptor  or  IFNAR  for  IFN-α/β,  IFN-γ  
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Figure 1.3 The incidence of IRF family members in the kingdom Metazoa (or 
Animalia) (from Nehyba et al, 2009 [7]) 
The simplified taxonomic branching order diagram of Metazoa with one outgroup 
(Choanoflagellata; the only unicellular eukaryotes) is based on the current view of 
animal evolution. The Metazoa species that do not have IRF genes, based on the 
absence of the IRF DBD, are indicated by a diamond with the number 0. The 
numbers in the squares indicate the number of IRF family members per genome in 
any particular group of invertebrates based on one to three species. Some gene 
numbers may be underestimated because genomes of different organisms have been 
sequenced to different extents. The squares without numbers indicate instances 
where the IRF DBD was found but the exact number of genes per genome was not 
determined. Ovals indicate the presence of the IAD1 domain in at least one IRF gene 
of the group. 
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Figure 1.4 Activation of the cardinal Jak-Stat pathway and additional signalling 
cascades by the IFNs (Takaoka et al, 2006 [10]) 
IFN binding to its receptor triggers the Jak-Stat pathway resulting in the formation of 
transcriptionally active complexes (ISGF3 and GAF; see text). The complexes bind 
to promoters containing ISRE or GAS sequences respectively, and activate 
transcription of target genes. IRF-1 is induced primarily via the IFN-γ-activated 
pathway.  
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receptor or IFNGR for IFN-γ, and IFN-λR1 or IL-28Rα for IFN-λs [15, 18, 19]. 

These receptors comprise of at least two distinct subunits, denoted 1 and 2. The 

binding of the IFN to its respective receptor activates the Janus protein tyrosine 

kinases (Jak PTKs) associated with the receptors (Tyk2 and Jak1 for IFNAR, and 

Jak1 and Jak2 for IFNGR) through auto and/or trans phosphorylation of specific 

residues [20]. The activated Jak PTKs then phosphorylate their downstream targets, 

namely the signal transducers and activators of transcription (STAT) family 

members STAT1 and STAT2 [20, 21]. Activation of the STATs leads to the 

formation of the transcriptionally active complexes IFN-α-activated factor (AAF; 

also called IFN-γ-activated factor or GAF), and/or IFN-stimulated gene factor 3 

(ISGF3) [22]. GAF is a homodimer of activated Stat1, while ISGF3 is a heterotrimer 

of activated STATs-1 and -2, and IRF-9/p48/ISGF3γ [23, 24]. These activated 

complexes then move into the nucleus, where they bind to specific DNA elements, 

namely the IFN-γ-activated sequence or GAS for GAF, and the IFN-stimulated 

regulatory element or ISRE for ISGF3 [25, 26]. This results in the transcriptional 

activation of the promoter containing the GAS or ISRE sequence. IRF-1 induction is 

primarily through the IFN-γ-activated pathway (Figure 1.4) [27]. 

 

Recently, type I IFNs have been shown to induce the formation of other STAT-

containing transcriptionally active complexes like STAT3 or STAT5 homodimers 

and STAT1-3 and STAT5-CrkL heterodimers [28]. This possibly allows for better 

regulation of promoters containing GAS/ISRE sequences, depending on the type of 

STAT complex binding to it [10]. 

 

Additionally, studies have now demonstrated the presence of IFN signalling 

pathways that do not involve the classic JAK-STAT components. IFN type I binding 

has been shown to activate insulin receptor substrates (IRS) -1 and -2, which can 

then bind to the p85 subunit of phosphatidylinositol (PI) 3-kinase [29, 30]. IRS 

binding activates the p110 subunit of PI 3-kinase, which in turn possibly activates 

Akt and PKCδ [30-32]. While the function of this activation is still unclear, different 

studies have shown that the pathway mediates pro-apoptotic signals on the one hand, 

and pro-survival signals on the other [33, 34].  
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1.1.3 Overview of the human IRF family members 

 

The human IRF family comprises 9 members (IRF-1 to IRF-9). Initially identified as 

regulators of the interferon system, the IRFs have since been shown to possess a 

variety of other cellular functions. A brief description of the 9 human IRFs is given 

below. 

 

1.1.3.1 IRF-1 

The founding member of the IRF family, IRF-1 was initially identified as a positive 

regulator of the IFNβ gene [35, 36]. It has subsequently been shown to regulate other 

IFN and IFN-responsive genes, and plays a crucial role in host defence [37, 38]. In 

addition to its role in regulating the IFN genes and the antiviral response, IRF-1 has 

important functions in the T cell response, the DNA damage response, the cell cycle 

and apoptosis, and tumour suppression [39-41]. A detailed review of IRF-1 structure, 

domain organisation and cellular functions is given later in this chapter.  

 

1.1.3.2 IRF-2  

Cross-hybridisation experiments with the IRF-1 cDNA revealed a structurally similar 

molecule, sharing a 62% similarity with the N-terminal half of IRF-1; this molecule 

was named IRF-2 [37]. Further analyses revealed that both IRF-1 and IRF-2 bind to 

the same DNA element, the Interferon regulatory factor response element or IRF-E 

with consensus sequence G(A)AAAG/C
T/CGAAAG/C

T/C that is almost identical to the 

interferon-stimulated response element or ISRE with consensus sequence 
A/GNGAAANNGAAACT (where N is any base) [20, 42]. Later, the crystal structure 

of the IRF-2 DNA-binding domain in complex with DNA was determined (Figure 

1.5) [9]. In the structure, IRF-2 was found to specifically contact the AANNGAA 

sites on DNA (contact sites are underlined; N is any base).   

 

IRF-2 has been shown to have an antagonistic function to IRF-1 and represses IRF-1 

induced transcriptional activation of IFNβ [43, 44]. The IRF-2 protein is much more 

stable than IRF-1 (half-life of >8 h vs 30 min respectively), and since both IRF-1 and  
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Figure 1.5 Crystal structure of IRF-2 DBD in complex with DNA and base 
recognition with water-mediated hydrogen bonds (from Fujii et al, 1999 [9]) 
(A) Schematic diagram of the protein:DNA contacts in the IRF-2:DNA complexes. 
Base pairs of the GAAA core sequence are colored in yellow. The labels of the 
amino acid residues contacting the bases are highlighted with light blue. Hydrogen 
bonding and van der Waals contacts participating in the base recognition are 
represented by thin black lines. Hydrogen bonds and/or ion pairs to phosphate groups 
of the DNA backbones are represented by light green lines. The residues marked 
with asterisks do not participate in the DNA interactions in some of the six molecules 
in the crystal. Similarly, W6 is missing at some of the complex interfaces. (B) Two 
IRF-2 DNA binding domains tandemly bound to DNA are highlighted to show the 
DNA binding mode with both a side view (top) and an end view (bottom). The 
recognition helix 3 and loop L1 are colored in red, and the other parts are in blue. 
DNA and potassium ions are colored in light green and green, respectively. The 
secondary structure elements and the N and C termini are labeled. The side view is 
accompanied by the DNA sequence with the GAAA core sequences in red. 
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IRF-2 bind to the same DNA elements with similar affinity, this results in a relative 

repression of promoters under IRFs [45, 46]. However, upon induction by virus, 

dsRNA, IL-1, IL-6 etc IRF-1 levels increase markedly, thereby changing the IRF-

1:IRF-2 ratio in favour of IRF-1 and allowing activation of IRF-1 target genes [47, 

48]. Additionally, the C-terminus of the IRF-2 protein contains a repressor domain, 

and the deletion of this domain converts IRF-2 into a transcriptional activator [44].  

 

A study has identified novel co-repressor molecules named IRF-2 binding proteins 1 

and 2 (IRF-2BP1 and 2) that bind to the repressor domain of IRF-2 and possibly 

mediate its repressor functions [49]. However, IRF-2 does not always function as a 

repressor – studies have shown that it can activate the Histone H4, Vascular Cell 

Adhesion Molecule (VCAM-1) and non-muscle myosin heavy chain IIa genes [50-

52]. In the latter case, the C-terminal repressor domain of IRF-2 has been shown to 

function as an activation domain [50]. In the activation of Histone H4, a requirement 

for the acetylation of IRF-2 by PCAF (p300/CBP-associated factor) has been 

demonstrated: acetylated IRF-2 binds to nucleolin/C23, which enhances its activation 

of Histone H4 [53]. 

 

IRF-2 has also been described as an oncogene, as its over-expression in NIH 3T3 

cells results in oncogenic transformation which can be reverted by over-expression of 

IRF-1 [45]. The exact mechanism by which IRF-2 functions in oncogenesis is 

unknown – it could exert its effects by perturbing IRF-1 mediated tumour 

suppression; by competing with other IRFs for binding to the same IRF-E; or by 

activating genes such as Histone H4, which have been implicated in cell cycle 

progression and oncogenesis [38, 52, 54]. In a recent study using breast cancer tissue 

microarrays, tumours were found to maintain expression of IRF-2 if there was 

coincident expression of IRF-1, suggesting that IRF-2 blocks the tumour suppressive 

function of IRF-1 in these cases, thereby promoting oncogenesis [55]. 

 

Interestingly, some studies have suggested a tumour suppressive function for IRF-2 

in addition to its role in oncogenesis [56, 57]. In one case, IRF-2 and IRF-1 were 

shown to synergistically activate the class II transactivator (CIITA) promoter, and a 
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pancreatic tumour cell line expressing a mutant IRF-2 was identified in which CIITA 

induction by IFN-gamma was absent [57]. In the second study, ICSBP/IRF8, PU.1 

and IRF-2 were shown to co-operate in the activation of Nf1 (neurofibromin 1), 

which regulates myeloid cell proliferation and whose deficiency causes cytokine 

hypersensitivity and myeloproliferation [56]. Thus, the conditions under which IRF-2 

may function as a tumour suppressor rather than an oncogene, such as cell-type 

specificity, need to be studied in more detail.  

 

 

1.1.3.3 IRF-3  

IRF-3 was identified through a search for IRF-1 and 2 homologs [58], and has been 

shown to play a crucial role in the early and late phase activation of IFNβ [59]. In 

fact, IRF3-/- mice are vulnerable to viral infection and have very low serum IFN type 

I levels, while cells lacking both IRF-3 and IRF-9 completely fail to induce IFNβ 

mRNA upon viral infection [38, 59]. This is possibly because IRF-3/IRF-9 double 

null mice are also deficient in IRF-7 mRNA and protein, and IRF-7 is vital for late 

phase induction of IFNβ (see section 1.1.3.7). Indeed, IFNβ induction by virus in the 

double null mice can be restored by the simultaneous over-expression of IRF-3 and 

IRF-7 [38, 59]. In fact, IFNβ transcription is now believed to occur through the 

formation of a compact ‘enhanceosome’ comprising IRF-3/IRF-7, ATF-2/c-Jun and 

NF-κB which bind to overlapping PRDI/III, PRDIV and PRDII sites respectively 

(references in [60]). 

 

IRF-3 is constitutively expressed in cells and is not induced by virus [58]. 

Monomeric, inactive IRF-3 protein constantly shuttles in and out of the nucleus with 

the majority being cytosolic, and upon activation by phosphorylation, IRF-3 

associates with CBP / p300,  which retains it in the nucleus (see below) [61].  The C- 

 

                                                 
 PU.1 is a transcription factor encoded by the SPI1 gene that binds to a purine-rich sequence known 
as the PU-box found near the promoters of target genes 
 PRD or Positive regulatory domain sites are present within the IFNβ promoter; transcription factors 
IRF-3, IRF-7 (possibly also IRF-1), ATF-2/c-Jun and NF-κB bind to these sites to activate IFNβ 
transcription 
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Figure 1.6 Crystal structure of the IRF-3 transactivation domain (from Qin et al, 
2003 [8]) 
Crystal structure (left) and topology presentation (right) of IRF-3 C-terminal 
transactivation domain. IAD, cyan; N- and C-terminal autoinhibitory structures, 
purple. The locations of the putative phosphorylation sites are yellow spheres. The 
various loops (L), α-helices (H) and β-sheets (β) are also indicated.  
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terminal IAD of IRF-3 is flanked by auto-inhibitory sites, which, in its crystal 

structure have been shown to interact with each other and mask parts of the IAD that 

might otherwise be necessary for IRF-3 protein-protein interactions (Figure 1.6) [8]. 

Structural studies have also demonstrated that the phosphorylation of IRF-3 residues 

located within the auto-inhibitory segments disrupts the auto-inhibition owing to a 

repulsion between the phosphate groups and adjacent acidic residues [8, 62]. Upon 

viral infection, IRF-3 is activated by phosphorylation via kinases including the IκB 

kinase (IKK)-related kinases IKKε and TANK-binding kinase 1 (TBK1) that are 

recruited through pattern recognition receptors (PRRs) such as the endosomal toll-

like receptors (TLRs) or cytosolic retinoid-inducible gene 1 (RIG-1) [63]. A recent 

study using purified proteins suggests a two step model in the activation of IRF-3 by 

phosphorylation – in the first step TBK1 phosphorylates IRF-3 at Ser396-Ser405 which 

relieves auto-inhibition and exposes a site on IRF-3 that allows it to interact with the 

coactivator CREB-binding protein (CBP) or the closely related p300. In the second 

step, IRF-3 is phosphorylated at Ser385 or Ser386 by TBK1 or another as yet unknown 

kinase, which allows for its dimerization [64].   

 

 

1.1.3.4 IRF-4 

IRF-4 has been described in many contexts – (i) as a PU.1 interaction partner (Pip) 

that is recruited to the immunoglobulin κ (Igκ) light chain enhancer [65], (ii) as a 

lymphoid cell-specific IRF family member (LSIRF) [66] and (iii) as a factor that 

binds to the promoter of the human interleukin-5 gene (ICSAT; IFN consensus 

sequence-binding protein in adult T-cell leukaemia cell lines or activated T-cells) 

[67]. In the absence of PU.1, IRF-4 can only weakly bind DNA, owing to the 

presence of a C-terminal auto-inhibitory domain [68]. PU.1 binding to DNA recruits 

IRF-4 (or IRF-8, as the case may be), which in turn remains associated with PU.1, 

but also directly contacts the opposite face of the DNA (Figure 1.7) [69]. 

 

                                                 
 PRRs are proteins expressed by cells of the innate immune system to identify specific pathogen-
associated molecular patterns or PAMPs such as viral nucleic acids, bacterial lipopolysaccharide etc 
and initiate host defence mechanisms 
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Figure 1.7 An overview of the PU.1/IRF-4/DNA ternary complex (from Escalante 
et al, 2002 [69]) 
The PU.1 ETS domain (red) and IRF-4 DNA binding domain (blue) are 
accommodated on opposite faces of the DNA (gold). The residues involved in direct 
protein-protein interactions are located at the back of the DNA backbone, in this 
view of the structure. 

                                                 
 ETS (E twenty-six) is a family of transcription factors, members of which have a highly conserved 
DNA-binding domain called the ETS domain which is also involved in protein-protein interactions 



 16 

IRF-4 has been shown to play an important role in B and T cell development, and 

this is evident from studies in IRF-4-/- mice, which show blocks in B and T cell 

maturation, no detectable serum immunoglobulin and impaired cytotoxic responses 

[70].  

 

Like IRF-2, several studies have demonstrated a role for IRF-4 in oncogenesis. Over-

expression of IRF-4 has been linked with poor prognosis in many leukaemias, as 

have chromosome translocations in some multiple myelomas that result in the Ig 

heavy chain gene fused to the IRF-4 locus causing over-expression of IRF-4 [71-73]. 

As is the case for IRF-2, recent studies have suggested IRF-4 may also be involved 

in tumour suppression especially in early B-cell development, as BCR/ABL 

transformation of B-lymphoid progenitors in vitro and in vivo is facilitated by loss of 

IRF-4 and suppressed by forced expression of IRF-4 [74].  

 

 

1.1.3.5 IRF-5 

Like many other IRFs, IRF-5 was originally identified as an activator of type I IFN 

gene expression [75]. Later, IRF-5 was shown to associate with the TLR adaptor 

protein Myd88 and induce the expression of proinflammatory cytokines such as 

interleukin-6 (IL-6), IL-12 and tumour-necrosis factor-α [76]. Subsequently, IRF-5 

polymorphisms were implicated in  a  range of  inflammatory and auto-immune 

diseases [77-79].  

 

Interestingly, the IRF-5 promoter was found to contain a p53 binding site, and IRF-5 

expression was found to be induced by p53 [80]. However, studies later 

demonstrated that IRF-5 can also function independently of p53; for example IRF-5 

plays a crucial role in inducing p53-independent G2/M cell-cycle arrest and 

apoptosis through the activation of genes such as Bak, caspase 8, Bax, and p21 [81]. 

More recently, IRF-5 was shown to be required for DNA-damage induced apoptosis 

by TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) death receptors 

in both p53+/+ and p53-/- cells, which was further enhanced by type I IFNs [82].  
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IRF-5 is expressed constitutively in lymphoid organs, dendritic cells, and peripheral 

blood lymphocytes, yet is absent in numerous leukemia and lymphoma cell lines 

[75], suggesting a loss of the IRF-5 gene or inhibition of the IRF-5 protein in these 

malignancies. Additionally, IRF-5 has been mapped to chromosome 7q32, a region 

that is frequently mutated in lymphoid malignancies, suggesting that IRF-5 may play 

a role in limiting cell proliferation [83, 84]. Consequently, its tumour suppressor 

function was confirmed based on observations that IRF-5 levels are suppressed in a 

number of primary hematological malignancies, and that its over-expression inhibits 

tumour growth in vitro and in cells [81]. Moreover, IRF-5-/- mice were shown to be 

more susceptible to tumour growth in the presence of activated Ha-Ras than wt mice, 

and were additionally highly prone to viral infections [85].  

 

 

1.1.3.6 IRF-6 

Unlike the other IRF family members, the role of IRF-6 in the immune response is 

largely unknown. Mutations in the IRF-6 gene cause two related disorders in 

humans, Van der Woude syndrome (a form of cleft lip) and popliteal pterygium 

syndrome (“webbed knee” syndrome) [86], while mice with null or missense 

mutations in the IRF-6 gene have abnormal skin, limb and craniofacial development 

[87, 88]. Additionally, IRF-6 appears to play a critical role in keratinocyte 

development as IRF-6 mutant keratinocytes are hyperproliferative and unable to 

terminally differentiate [87, 88]. More recently p63, a protein that has also been 

implicated in cleft palate, was found to transactivate IRF-6, and mice carrying a 

heterozygous deletion of p63 and an IRF-6 mutation known to cause cleft palate in 

humans were found to be more likely to develop cleft palate than mice with either 

mutation alone [89].  

 

A recent study has suggested that IRF-6 may also act as a tumor suppressor via its 

interaction with Maspin, a known tumor suppressor protein [90]. Similar to Maspin, 

IRF-6 expression inversely correlates with breast cancer invasiveness, and over-

expression of IRF-6 causes cell cycle arrest in breast cancer cells, an effect that is 

enhanced by Maspin [90, 91].  
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1.1.3.7 IRF-7 

IRF-7 was first discovered serendipitously, as a transcription factor that bound to the 

promoter of the Epstein Barr virus nuclear antigen 1 (EBNA-1) and repressed EBNA-

1 expression [92]. Like many other IRFs, it was later linked to the IFN response. 

Interestingly, it was found that unlike the very structurally similar IRF-3, IRF-7 is 

IFN inducible [93, 94]. Subsequently, IRF-7 was shown to be crucial for the late 

phase of type I IFN induction, while IRF-3 was needed for mainly for the early phase 

[93, 94]. It is worth noting that while IRF-1-/- mice can still induce a type I IFN 

response when infected with some types of virus (but not pI:pC), IRF-3-/- mice show 

severe impairment, and mice lacking both IRF-3 and IRF-7 show absolutely no 

induction of type I IFNs in response to many types of viral infection [59, 95]. Recent 

studies using IRF-7-/- MEFs showed that both early and late phase induction of type I 

IFNs in response to ssRNA virus infection was impaired, implying that IRF-7 also 

plays a role in early phase induction [96]. Thus an IRF-3/IRF-7 heterodimer (virus-

activated factor; VAF) rather than an IRF-3 homodimer is probably more likely to be 

involved in early-phase IFNα/β production, after which positive-feedback onto IRF-7 

allows for full induction of IFN genes in the late phase [41, 97]. 

 

More recently, IRF-7 has been described as the ‘master regulator’ of the type I IFN 

response, with it playing a vital role in both Myd88-dependent and -independent IFN 

induction [96]. Like IRF-3, IRF-7 is activated by phosphorylation of serine residues 

at its C-terminus by IKKε and TBK-1, which induces its nuclear localisation [93, 

98]. Additionally, IRF-7 has also been shown to be acetylated by the CBP/p300-

associated factor (PCAF) at K92 - which is conserved in all human IRFs  - and this 

acetylation blocks IRF-7 transcriptional activity through a loss in DNA binding [99]. 

A recent study has shown that IRF-3 and IRF-7 are SUMOylated upon vesicular 

stomatitis virus (VSV) infection, resulting in an attenuation of type I IFN 

transcription [100]. Further, IRF-7 is regulated by translational repression through 

the scaffolding proteins 4E-BP1 and 2, that bind directly to the cap subunit E of the 

eukaryotic translation initiation factor eIF4F [101]. Mice lacking these translational 

repressors show a lower threshold for inducing type I IFN production owing to 

significantly higher levels of the IRF-7 protein, but not mRNA. 
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1.1.3.8 IRF-8 

IRF-8 is different from the other IRFs in that its DNA binding activity per se is very 

weak, and is reduced even further by phosphorylation [102, 103]. However, 

phosphorylation of IRF-8 enhances its association with IRF-1 and IRF-2, thereby 

dramatically increasing its activity through the formation of a heterocomplex [103]. 

IRF-8 expression is restricted to myeloid and lymphoid cells, and is induced by IFNγ 

but not α or β [104]. Originally identified through a screen for IFN consensus 

sequence (ICS) binding proteins, IRF-8 is also called ICS binding protein (ICSBP) 

[104]. 

 

Like many other IRFs, IRF-8 functions both as a transcriptional activator and 

repressor, depending on the proteins it interacts with. When associated with the Ets 

protein PU.1, it enhances transcription of target genes, while its association with a 

second Ets protein TEL promotes recruitment of the histone deacetylase HDAC3 and 

represses target genes [105]. IRF-8 also interacts with the transcription factor NFAT 

(Nuclear factor of activated T-cells) to stimulate transcription of IL-12 [106]. 

 

IRF-8-/- mice are severely immunodeficient owing to deficiencies in IFNγ and IL-12 

production [107]. Interestingly, mice with a point mutation resulting in a single 

amino acid change in the protein interaction domain of IRF8 (R294C) exhibit an 

almost identical phenotype suggesting that almost all activities of IRF8 are 

dependent on its interactions with other proteins [108]. Additionally, IRF-8-/- mice 

develop a diseased state very similar to human chronic myelogenous leukaemia 

(CML) and IRF-8 mRNA expression is decreased in several human CML and AML 

(acute myeloid leukaemia) cases, suggesting IRF-8 could function as a tumour 

suppressor [109, 110].  

 

 

1.1.3.9 IRF-9 

IRF-9 was initially identified as the DNA binding subunit of the Interferon-

stimulated gene factor 3 (ISGF3) transcription complex, and was named ISGF3γ or 

p48 [111]. Subsequently, ISGF3 was shown to be a heterotrimer of STAT1, STAT2 
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and IRF-9 [23]. Activated ISGF3 translocates into the nucleus, where it binds to the 

ISRE of target genes such as PKR, through IRF-9 [112]. IRF-9 is expressed in a 

variety of tissues, and has been shown to play a vital, but non-redundant (with 

respect to IRF-1) role in the anti-viral response mediated by IFNα/β or IFNγ [113].  

 

Interestingly, p53 mRNA levels were shown to be induced in response to IFNα/β 

treatment in wt MEFs, but not MEFs from IRF-9-/- mice, and IFN stimulation 

enhanced p53-dependent apoptosis in viral-infected wt cells [114]. Moreover, a 

recent study showed that p53 immunoprecipitates and co-localises with IRF-9 in 

Huh7 liver carcinoma cells, suggesting the two proteins are present in a single 

complex in these cells – the authors interpret this as a direct interaction between the 

two proteins [115]. ISGF3-dependent induction of p53 may therefore play an 

important role in the innate antiviral response, suggesting a link between tumour 

suppression and antiviral pathways in cells.  

 

Thus, while IRFs plays a major role in the innate immune response – particularly in 

antiviral defence – they also function in cell differentiation, cell growth inhibition 

and induction of apoptosis. A summary of the functions of the human IRFs (as 

published in [41]) is given in Appendix I of this thesis.  

 

 

 

1.1.4 Viral IRFs (vIRF) 

 

Kaposi's sarcoma-associated herpes virus (KSHV; also called human herpes virus 8 

or HHV8) is a human DNA tumour virus that causes Kaposi's sarcoma, primary 

effusion lymphoma (PEL) and some cases of multicentric Castleman's disease 

                                                 
 Kaposi’s sarcoma (KS) is a tumour caused by KSHV that usually occurs as lesions or nodules on the 
skin, but may spread to the mouth, gastro-intestinal and respiratory tracts. It is commonly found in 
people with AIDS, and KS-AIDS was one of the first AIDS-associated illnesses to be identified 
 PEL is a B-cell lymphoma (‘blood cancer’) that is usually caused by KSHV. Like KS, it often arises 
in patients with underlying immunodeficiencies such as AIDS. PEL is highly resistant to 
chemotherapy and has a poor prognosis  
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(MCD) [116-118]. To aid in the establishment of infection, the KSHV genome 

encodes many immunomodulatory proteins that target various aspects of the human 

innate and adaptive immune responses. These include 4 viral interferon regulatory 

factors (vIRF-1 to 4) which are homologous to cellular IRFs [119, 120]. An overview 

of how these vIRFs inhibit IFN signalling is given in Figure 1.8 [121]. In brief, 

vIRF-1 associates with p300 and prevents the formation of the CBP/p300:IRF-3 

complex, resulting in defective IFNα induction by IRF-3 [122, 123]. While vIRF-1 is 

not known to bind to or compete with cellular IRF-1 for DNA binding, vIRF-3 or 

latency-associated nuclear antigen 2 (LANA2) directly binds to IRF-7 and inhibits its 

DNA-binding activity [124, 125]. vIRF-2 inhibits the expression of the IFN-

inducible genes driven by IRF-1, IRF-3, and ISGF3 such as PKR [126]. No specific 

role for vIRF-4 in the regulation of IFN signalling has been identified to date. It is 

interesting to note that in addition to vIRFs, other proteins encoded by KSHV also 

function in blocking the activity of cellular IRFs. For example, the early protein K8 

(K-bZIP; KSHV basic region-leucine zipper) directly binds the IFNβ promoter and 

prevents the binding of IRF-3 to the promoter [127]. Additionally, the immediate-

early protein ORF45 associates with IRF-7 and prevents its phosphorylation, while 

ORF50 (RTA; replication and transcription activator) enhances IRF-7 ubiquitination 

and degradation [128, 129]. 

 

In addition to inhibiting IFN signalling, vIRFs also directly target the tumour 

suppressor p53 by various mechanisms in order to successfully establish infection. 

Both vIRF-1 and vIRF-3 directly bind p53 and inhibit its transcriptional activity 

[130, 131]. Additionally, vIRF-1 also binds to the ATM kinase thereby preventing 

p53 activation by ATM-dependent phosphorylation [132]. vIRF-4 has been recently 

shown to bind to the E3 ligase MDM2 (murine double minute 2)  and this association 

 

 
                                                 
 MCD involves hyperproliferation of B cells, and although non-cancerous, is very similar to 
lymphoma. It is often caused by KSHV (50% of all cases), due to over-secretion of vIL-6, and in the 
absence of KSHV infection, possibly arises owing to an over-production of human IL-6  
 ATM or Ataxia telangiectasia mutated is a serine/threonine kinase activated by DNA double-strand 
breaks. Its targets include p53, Chk2 and BRCA1 which initiate cell cycle arrest, DNA repair or 
apoptosis 
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Figure 1.8 Inhibition of type I interferon (IFN) pathways by Kaposi’s sarcoma-
associated herpes virus (KSHV) (from Lee et al, 2009 [121]) 
After endocytosis, TLR3 responds to the uncoating of endocytosed viral particles in 
the endosome, resulting in its phosphorylation. TLR3 then homodimerizes, binds to 
CD14, and activates TANK-binding kinase 1 (TBK1), leading to the phosphorylation 
of IRF-3. IRF-3 then homodimerizes and translocates to the nucleus, where it binds 
to p300/CBP, turning on IFNβ gene expression. TBK1 also phosphorylates IRF-7, 
causing it to homodimerize and translocate to the nucleus, where it binds to the IFNα 
promoter. Additionally, IRF-7 may heterodimerize with IRF-3, upon which the 
complex translocates to the nucleus to activate the IFNβ promoter. The newly 
expressed IFNα and IFNβ genes then bind to the IFNα receptor in both paracrine and 
autocrine manners, resulting in the phosphorylation and activation of STAT1 and 
STAT2, which recruit IRF-9 to form the ISGF3 complex. ISGF3 binds to the ISRE 
and induces target genes such as IRF-7. Among the KSHV-encoded vIRF proteins, 
vIRF-3 specifically suppresses IRF-7 transcriptional activity, whereas vIRF-1 and 
vIRF-2 inhibit the induction of the IFNβ promoter by IRF-3. 
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blocks MDM2 auto-ubiquitination, thereby stabilising the protein [133].  Presumably 

vIRF-4 binding to MDM2 does not affect its association with p53, as the authors 

demonstrate an increased rate of p53 ubiquitination under these conditions [133]. 

 

 

 

1.2 IRF-1 

 

1.2.1 Gene structure and organisation 

 

1.2.1.1 Chromosomal location 

The IRF-1 gene has been mapped to the long arm of chromosome 5 (5q31.1) by two 

independent groups [48, 134]. The 5q31 region is frequently deleted in many types of 

leukemia including preleukemic myelodysplastic syndrome (MDS) and acute 

myelogenous leukemia (AML) [135]. Other genes located in the 5q31 region 

include the cytokine genes IL (Interleukin) -3, 4, 5 and GM-CSF (Granulocyte 

macrophage colony-stimulating factor), and the mitotic inducer CDC25C (Cell 

division cycle 25 homolog C) [136-138].  

 

1.2.1.2 Promoter structure  

Analysis of the IRF-1 promoter sequence has revealed that it lacks a TATA box, but 

contains a putative CAAT box that is flanked on either side by NF-κB motifs or κB 

factor motifs [27, 48]. NF-κB has been linked to virus or double-stranded RNA-

induced IFN-β gene regulation [139, 140]. Interestingly, a point mutation within the 

NF-κB binding site of the IRF-1 gene promoter which abolishes binding, drastically 

reduced  its  virus  inducibility  in  L929  cells,  suggesting  NF-κB  or an NF-κB like  

 

                                                 
 MDS is a disorder affecting bone marrow stem cells, resulting in ineffective haematopoiesis 
(dysplasia). Patients often require several blood transfusions, and the disorder carries significant risk 
of transformation to AML (hence ‘preleukemic’) 
 AML is a cancer of myeloid cells i.e. any leukocytes (blood cells) that are not lymphocytes, that is 
characterised by abnormal growth of white blood cells. These accumulate in the bone marrow and 
interfere with haematopoiesis. AML progresses rapidly and can be fatal, but shows good prognosis 
when diagnosed early  
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factor may be involved in IRF-1 induction upon virus infection [48, 141]. In fact, 

NF-κB was recently shown to induce IRF-1 transcription via CD40 in carcinomas 

[142].  

 

The IRF-1 promoter is also highly GC rich, and contains a CpG island from position 

-450 to +250 relative to the transcription start site at +1 [27]. This CpG site contains 

several GC boxes, which are potential Sp1 binding sites [27, 48, 143]. Interspersed 

with the GC boxes are AARKGA hexamers (where R is G/A and K is G/T) and 

GAAANN sequences (where N in any nucleotide) which are commonly found in 

type I IFN gene promoters [27]. However, the IRF-1 promoter does not contain an 

IRF-binding element, and is not auto-regulatory [27, 48]. Deletion analysis of the 

IRF-1 promoter and mobility shift assays revealed that IFNα and γ possibly induce 

IRF-1 through an IFN-inducible element comprising an imperfect inverted repeat 

arrangement of two GAAANN motifs [27]. Later, the IFN-inducible element was 

also shown to include a GAS element (IFNγ activated sequence) [48]. More recent 

studies have revealed that the STAT1 homodimer, whose formation is induced by 

IFNs, binds to the IRF-1 GAS element to induce IRF-1 gene transcription (see Figure 

1.4). It is worth noting that although IRF-1 induction is primarily through the IFNγ 

pathway, in the case of IRF-1 induction by IFNα, the STAT1/STAT2 heterodimer is 

a more potent activator than the STAT1 homodimer [144].   

 

 

1.2.1.3 Intron/Exon organisation 

The IRF-1 gene spans 7.72 kb and includes 10 exons and 9 introns (Figure 1.9) 

[145]. Exon 1 contains only a 5’ untranslated sequence, and the ATG initiation codon 

is located in exon 2. Upstream to exon 1 is the GC rich promoter sequence lacking a 

defined TATA box (see above).  Exons 2, 3 and 4 are highly conserved across 

species, and  encode  the  DNA  binding  domain,  while  exon 5 contains the nuclear  

                                                 
 A CpG island is a stretch of DNA where the G+C composition is greater than 50% and the 
Observed/Expected ratio of CpG is greater than 0.6  
 Sp1 is an 81 kDa zinc finger containing transcription factor that plays an important role in activating 
gene expression during the early development of an organism 
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Figure 1.9 IRF-1 Intron-Exon organisation 
(A) The IRF-1 gene contains 10 exons (1-10, red) and 9 introns (1-9, blue) as shown. 
The size of each intron or exon in bp is indicated in parentheses. (B) Schematic 
depicting the functional domains (black) encoded by the 10 exons (red). The IRF-1 
amino acid sequence encoded by each exon is numbered in green above the 
respective exon. NLS nuclear localisation sequence.  
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localisation signal sequence. Exons 7 and 8 encode the transactivation domain while 

exons 9 and 10 code for the enhancer domain of IRF-1. Although exon 10 is quite 

large (988 bp), it only encodes 40 aa and a stop codon, and the remainder is a 3’ 

untranslated sequence.  

 

1.2.1.4 mRNA expression 

IRF-1 mRNA is constitutively expressed at low levels in a variety of cell types [41]. 

Studies on IRF-1 mRNA transcripts from K562 cells showed that it is highly 

unstable, possibly owing to the presence of an AUUUA motif in its 3’ untranslated 

region; this motif is often implicated with rapid mRNA turnover [27, 146]. Two IRF-

1 transcripts were detected in these cells, the bigger of which was postulated to be an 

unprocessed precursor that had a similar half-life to the mature IRF-1 transcript [27]. 

Although IRF-1 mRNA is present at very low levels, it is rapidly induced by stimuli 

such as virus, dsRNA, IFNs, tumour necrosis factor (TNF), IL-1, IL-6, prolactin, 

retinoic acid and leukaemia inhibitory factor (LIF) ([47] and references in [48]). 

IFNγ induction of IRF-1 mRNA was found to be more striking than IFNα both in 

terms of extent of induction and persistence [27]. Interestingly, Stevens and Yu-Lee 

suggest that IRF-1 mRNA is under negative regulation in quiescent cells, as 

treatment with the protein synthesis inhibitor cycloheximide rapidly stabilises it 

(unpublished observation in [147]). 

 

IRF-1 mRNA expression was found to be cell-cycle dependent, reaching a peak of 

about 5 transcripts per cell in growth-arrested/serum-starved cells, decreasing 

strikingly after serum stimulation, and then gradually increasing until the onset of 

DNA synthesis [45]. In studies using Nb2 rat T-lymphoma cells, the pituitary 

hormone prolactin was found to induce IRF-1 mRNA in a biphasic pattern – in an 

immediate/transient peak during the early G1 phase, and in a longer-lasting peak 

during the G1/S transition [147]. In both cases, the authors noted that the increase in 

IRF-1 mRNA was accompanied by an increase in de novo IRF-1 protein synthesis. 

Moreover, IRF-1 protein induced during the G1/S phase had a much lower turnover 

rate than IRF-1 expressed in the G1 phase (half-lives of 60 min and 25 min 

respectively) [147]. Since S-phase DNA synthesis was found to correlate well with 
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IRF-1 expression, the authors speculate that IRF-1 may function as a nuclear 

mediator of the mitogen prolactin in promoting cell cycle entry and progression.  

 

Additionally, early observations that type I IFNs are induced upon viral infection in a 

variety of differentiated cells, but not cells of embryonal origin led to further studies 

using mouse embryonal carcinoma (EC) cells which suggest that IRF-1 is 

developmentally regulated, as IRF-1 mRNA was only observed after cell 

differentiation [43].   

 

 

1.2.1.5 IRF-1 polymorphisms 

Recent studies have identified a large number of IRF-1 single nucleotide 

polymorphisms (SNPs), with one study identifying as many as 53 SNPs within a 

Kenyan population [148]. Interestingly, only two of these SNPs occur within the 

coding region, and both are silent. The others lie within introns and the promoter – 

with 3 being within the putative Sp1 binding sites described in section 1.2.1.2 [148]. 

The functional consequences of these mutations on IRF-1 basal expression and 

induction remain to be examined.  

 

Very interestingly, a subset of female sex-workers in Kenya was found to be resistant 

to HIV infection – studies have shown that these women have IRF-1 SNPs, and in 

fact three IRF-1 SNPs have now been linked to HIV resistance [149]. These women 

also appear to have lower basal levels of the IRF-1 protein. Given as the HIV 

genome has evolved so that it uses cellular IRF-1 to enhance its replication, it will be 

interesting to see if the frequency of IRF-1 SNPs that give HIV resistance increases 

in future generations. Section 1.2.3.1.1 in this thesis describes the role of IRF-1 in 

innate immunity, and briefly describes how viruses such as HIV evade the immune 

system. 

 

 

                                                 
 SNPs are DNA sequence variations occurring when a single nucleotide in the genome differs 
between members of a species or paired chromosomes in an individual 
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1.2.2 Protein structure and domain organisation 

 

Various domains and sub-domains have been identified within the IRF-1 protein, and 

are described below. Given the fact that it is extremely hard to purify IRF-1 in large 

quantities, only a limited amount of structural information is available. To date, there 

is a crystal structure of only a fragment of the protein - the DNA-binding domain of 

IRF-1 in complex with DNA - which is explained in some detail below. Protein 

sequence alignment of IRF-1 from various species shows that whilst the DNA-

binding domain is highly conserved, the C-terminus is less conserved (Figure 1.10).   

 

 

1.2.2.1 DNA binding domain 

The DNA-binding domain (DBD) of IRF-1 spans about 120 amino acids, and is 

highly conserved not only across species, but also across IRF family members [150]. 

It is characterised by 5 invariant tryptophan residues spaced at 10-18 aa intervals 

[37]. The DBD of the IRFs contacts the IRF-E or ISRE in the promoter of IRF-

response genes and activates/represses transcription of the target genes. Various 

point mutations in the DBD of IRF-1 have been described that abolish DNA binding, 

such as W11R and YLP (Tyr109, Leu112, Pro113 mutated to Ala) [151, 152].  

 

Structural analysis of the IRF-1 DBD in complex with the PRD I (Positive regulatory 

domain I) of the IFNβ promoter has revealed an assembly of 3 α-helices flanked by a 

mixed 4-strand β-sheet on one side (Figure 1.11) [153]. The region forms a helix-

turn-helix (HTH) fold in which the orientation of α3 differs considerably from 

canonical HTH proteins – while the α3 helix of most HTH proteins is perpendicular 

to the sugar-phosphate backbone, the α3 of IRF-1 tracks the major groove as a 

tangent, almost parallel to the sugar-phosphate backbone [153]. The α3 helix serves 

as the recognition helix, with Arg82, Cys83, Asn86 and Ser87 contacting a GAAA core 

sequence within the 13-bp PRD I element, which is probably why GAAA sequences 

occur within almost all IRF response elements [153]. Interestingly, some response 

elements, such as the PRD III element of IFNβ, contain two GAAA core sequences, 

suggesting that this element may accommodate two IRF-1 molecules simultaneously 
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Mouse           MPITRMRMRPWLEMQINSNQIPGLIWINKEEMIFQIPWKHAAKHGWDINKDACLFRSWAI 60 
Rat             MPITRMRMRPWLEMQINSNQIPGLSWINKEEMIFQIPWKHAALHGWDINKDACLFRSWAI 60 
Human           MPITRMRMRPWLEMQINSNQIPGLIWINKEEMIFQIPWKHAAKHGWDINKDACLFRSWAI 60 
Chick           MPVSRMRMRPWLEMQINSNQIPGLIWINKDKMIFQIPWKHAAKHGWDMEKDACLFRSWAI 60 
Xenopus         MPVTRLRMRPWLEEQINSNKIPGLSWINKDKMIFQIPWKHAARHGWDINKDACLFRSWAV 60 
Zebrafish       MPVSRMRMRPWLESRIDSNTINGLMWVNKEEKMFSIPWKHAARHGWEVDKDACLFKQWAI 60 
                **::*:******* :*:** * ** *:**:: :*.******* ***:::******:.**: 
 
Mouse           HTGRYKAGEKEPDPKTWKANFRCAMNSLPDIEEVKDQSRNKGSSAVRVYRMLPPLTRNQR 120 
Rat             HTGRYKAGEKEPDPKTWKANFRCAMNSLPDIEEVKDQSRNKGSSAVRVYRMLPPLTKNQR 120 
Human           HTGRYKAGEKEPDPKTWKANFRCAMNSLPDIEEVKDQSRNKGSSAVRVYRMLPPLTKNQR 120 
Chick           HTGRYKVGEKDPDPKTWKANFRCAMNSLPDIEEVKDKSINKGSSAVRVYRMLPPLTKDQK 120 
Xenopus         HTGRFKSGEKETDPKTWKANFRCAMNSLPDIKEVKDKSIYKGSSAVRVYQMFTPQIKAEK 120 
Zebrafish       HTGKYKEGVTQPDPKTWKANFRCAMNSLPDIEEVKDKSINKGCGAVRVYRMLPAVS---K 117 
                ***::* * .:.*******************:****:*  **..*****:*:..     : 
 
Mouse           KERKSKSSRDTKSKTKRKLCGDVSPDTFSDGLSSSTLPDDHSSYTTQGYLGQDLDMER-D 179 
Rat             KERKSKSSRDTKSKTKRKLCGDSSPDTLSDGLSSSTLPDDHSSYTAQGYLGQDLDMDR-D 179 
Human           KERKSKSSRDAKSKAKRKSCGDSSPDTFSDGLSSSTLPDDHSSYTVPGYM-QDLEVEQ-A 178 
Chick           KERKSKSSREARNKSKRKLYEDMRMEESAERLTSTPLPDDHSSYTAHDYTGQEVEVENTS 180 
Xenopus         KERRSK-AKCSKSKAKYKTEED------EESVKTSPLPVDHS-YTANVYTDQEDMDSVDA 172 
Zebrafish       KIKRSK-SRDSRRRMK--------------GLSQKVKLEDMSSEDTSAEMTQENTIDSTQ 162 
                * ::** :: :: : *               :. .    * *   .     *:   .    
 
Mouse           ITPALSPCVVSSSLSEWHMQMDI-IPDSTTDLYN-LQVSPMPSTSEAATDEDEEGKIAED 237 
Rat             ITPALSPCVVSSSLSEWHMQMDI-MPDSTTDLYN-LQVSPMPSTSEAATDEDEEGKLPED 237 
Human           LTPALSPCAVSSTLPDWHIPVEV-VPDSTSDLYN-FQVSPMPSTSEATTDEDEEGKLPED 236 
Chick           ITLDLSSCEVSGSLTDWRMPMEIAMADSTNDIYQ-LQVSPLGSSSE---DEDE---MKSN 233 
Xenopus         AVMSLN-ESVSSTL-DWDSQLEMPLPDSTNNLYP-FQVSPLSSSSE---EEED---FPDD 223 
Zebrafish       STPHTSSPTVG-------YEVEIGPDSTCNDIYSRFQVSPVHSTDL---EDSE---AILE 209 
                 .   .   *.         :::   .: .::*  :****: *:.    ::.:      : 
 
Mouse           LMK-LFE-QSEWQPTHIDGKGYLLNEPGTQLSSVYGDFSCKEEP-EIDSPRGDIGIGIQH 294 
Rat             IMK-LFE-QSEWQPTHVDGKGYLLNEPGAQLSTVYGDFSCKEEP-EIDSPGGDIEIGIQR 294 
Human           IMK-LLE-QSEWQPTNVDGKGYLLNEPGVQPTSVYGDFSCKEEP-EIDSPGGDIGLSLQR 293 
Chick           IIK-LLEPTQDWHTTSVEGKGFFTNEPGTQ--TMCSTFGYKEQDGEIDTSSAELEF---R 287 
Xenopus         FLRMMLEPSTEWQQTSIDGKGFFTNESGMQN-ACLTEISSAFDG----TLSGEIKVR--- 275 
Zebrafish       LTRQLERDSSQWLQN--FGKGFLAN-------EVCTTESLSPESQWSVSSGEELELRLYT 260 
                : : : .   :*  .   ***:: *             .   :     :   :: .     
 
Mouse           VFTEMKNMDSIMWMDSLLGNSVRLPPSIQAIPCAP 329 
Rat             VFTEMKNMDPVMWMDTLLGNSTR-PPSIQAIPCAP 328 
Human           VFTDLKNMD-ATWLDSLLT-PVR-LPSIQAIPCAP 325 
Chick           MMDQKSSLD-FSWLDTVR--------PMQAISCSL 313 
Xenopus         -----FSTDLINWPDYSSR------ATGLAVPTF- 298 
Zebrafish       ELTPDLRSDSYTYTELWNS------SSMPQSIC-- 287 

 

 

Figure 1.10 IRF-1 protein sequence alignment across various species 
The following IRF-1 sequences obtained from NCBI were used to generate a protein 
sequence alignment using Clustal 2.0.12: Human: NP_002189.1  GI:4504721, Mouse: 
P15314.1  GI:124901, Rat: P23570.1  GI:124902, Chick: Q90876.1  GI:2497440, Xenopus: 
AAH59984.1  GI:37747723, Zebrafish: NP_991310.1  GI:45387903. The conserved DNA-
binding domain is highlighted in yellow (with conserved Trp residues indicated by 
arrows), the nuclear localisation signal is underlined, putative PEST sequences 
obtained using PESTFind (courtesy Sarah Meek) are highlighted in blue, and the C-
terminal enhancer domain is highlighted in gray. 
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Figure 1.11 Overview of the IRF-1 – DNA complex (from Escalante et al, 1998 
[153]) 
(A) The α/β architecture of the IRF-1 DNA-binding region is interrupted by multiple 
loops labeled L1, L2 and L3 that flare out and contact the DNA backbone. (B) A 
view along the recognition helix α3 showing the bending of the DNA towards the 
protein. The local helical axis, calculated with the program CURVES, is shown as a 
solid curve within the DNA. (C) A comparison of IRF-1 and HNF-3γ DNA 
complexes. Compared with HNF-3γ, IRF-1 has an additional pair of loops (L1 and 
L2) preceding the recognition helix (α3) but lacks a loop at the C terminus. Note the 
distinct orientations of the recognition helices in the major grooves of the two 
complexes. 
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[153]. It is worth noting that the resolution of the crystal structure (3.0 Å) is not 

sufficient for complete evaluation of the side chains or atoms, and that the IRF-1 

protein used in the above study was extracted under harsh conditions after which it 

was refolded prior to use [153, 154]. The structure is, however, very similar to better 

resolved structures of other IRFs, and is therefore likely to be quite accurate in its 

predictions [9]. 

 

Both IRF-1 and IRF-2 have been shown to bind to the CIITA (MHC Class II 

transcriptional activator) promoter, and when their stabilities were measured in 

complex with the IRF-E in the CIITA promoter, it was found that the IRF-2/CIITA 

complex was more stable [155]. In fact, IRF-1 and IRF-2 could co-occupy the CIITA 

IRF-E, and the IRF-1/IRF-2/CIITA complex was more stable than the IRF-1/CIITA 

or IRF-1/IRF-1/CIITA complexes [155]. Interestingly, when the stability of free IRF-

1 and IRF-3 DBDs were measured, the IRF-3 DBD was found to be more rigid and 

more stable [156]. However, when complexed with DNA, the more flexible IRF-1 

DBD could contact the DNA better, implying that the strength of the DBDs’ specific 

association with DNA is inversely related to the stability of the free DBDs [156]. 

 

 

1.2.2.2 Nuclear localisation signal 

Being a transcription factor, IRF-1 is localised primarily to the nucleus, although 

detectable amounts are present in the cytosol [150, 157]. Using various IRF-1 

deletion mutants fused to GFP, the nuclear localisation signal sequence (NLS) for 

mouse IRF-1 was mapped to aa 117-141 [150]. NLS sequences are usually exposed 

and accessible, and are generally highly basic [158]. 117-141 aa of mouse IRF-1 has 

a high proportion of Lys and Arg residues, and is predicted to lie within an exposed 

motif on IRF-1 [150]. When this segment is deleted from the IRF-1 protein, the 

mutant protein is retained in the cytosol, whereas the addition of IRF-1 aa 117-141 to 

GFP targets GFP to the nucleus [150]. It is interesting to note that IRF-2 and IRF-1 

share a high identity in this region, raising the possibility that the same region on 

IRF-2 is involved in its nuclear localisation – in fact, this is generally assumed to be 

the NLS sequence for IRF-2 [150, 159]. 



 32 

1.2.2.3 Transactivation domain 

Using a panel of C-terminal IRF-1 deletion mutants, Lin et al demonstrated that the 

C-terminus of IRF-1 contains its transactivation domain [160]. The authors speculate 

that two acidic stretches at positions 226-230 and 276-281 could play an important 

role in transactivation, as similar acidic clusters have been found in the 

transactivation domain of the NF-κB subunit p65 and yeast GAL4 proteins [160-

162]. Later studies using murine IRF-1 with deletions of the acidic clusters showed 

the region between aa 185-256 was sufficient for transactivation. Thus, when aa 185-

220 and aa 221-256 were fused to GAL4 in a CAT-reporter assay, they could 

significantly enhance reporter expression when compared to GAL4 alone [150]. 

Moreover, a fusion protein containing both fragments (aa 185-256) showed a higher 

transactivation capacity than either fragment separately, suggesting they act in an 

additive manner [163]. 

 

Fine-mapping of the transactivation domain of human IRF-1 showed that aa 217-260 

was required and sufficient for transactivation, with aa 233-255 comprising the core 

activation domain [164]. The secondary structure for this region is predicted to be a 

loop-helix-loop-sheet with the core forming a helix-loop [164]. A deletion mutant 

lacking the core domain was found to act as a dominant negative in cells, similar to 

IRF-2, and efficiently inhibited both IRF-1 dependent cell cycle regulation and 

apoptosis [164].  

 

 

1.2.2.4 Enhancer domain 

Studies by Kirchhoff et al showed that although aa 185-256 was sufficient for IRF-1 

transactivation, aa 256-329 of murine IRF-1, when fused to the transactivation 

domain, significantly enhanced transactivation by 11-18 fold [163]. This domain of 

IRF-1 was named the ‘enhancer’, given it enhanced IRF-1 transactivation, but did 

not possess any intrinsic transactivation capacity [163].  
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Subsequently, the enhancer was shown to house a number of sub-domains including: 

(i) a p300 binding domain [151], (ii) a repressor domain [165], (iii) a negative 

growth regulatory domain [165], and (iv) a degradation signal [157, 166].  

 

IRF-1 aa 271-290 (C-terminal p300-binding site 2; CT2) and aa 226-245 (CT3) were 

shown to directly bind the transcriptional co-activator p300, and enhance the p300-

dependent acetylation of p53 at the p21 promoter [151]. Indeed, an IRF-1 mutant 

incapable of binding p300 but with an intact DBD was unable to act synergistically 

with p53 to activate p21 transcription in response to DNA damage, while peptides 

derived from IRF-1 that could bind p300 (CT2 and CT3) could enhance p21 

transcription as efficiently as the full-length protein [151]. 

 

Additionally, the C-terminal 25 aa of IRF-1 appears to play a role in Cdk2 repression 

and IRF-1-dependent growth suppression in clonogenic assays using H1299 and 

HCT-116 cells lacking p53 [165]. Residues 301-313 of this sub-domain, which 

include an LXXLL co-signature motif, appear to be critical for these processes, and 

both processes also require the DNA-binding activity of IRF-1 [165]. Moreover, the 

C-terminal 12 residues appear to contain a negative regulatory signal for IRF-1-

dependent transactivation of IFNβ, as a deletion of this region results in an increase 

in IRF-1 activation of the IFNβ promoter [165].  

 

Interestingly, observed differences in the expression patterns of the C-terminal 

mutants (deletion and Ala substitutions) used in the above study [165] led to the 

hypothesis that the C-terminal 25 aa of IRF-1 contain a degradation signal. In fact, a 

previous study on IRF-1 degradation reported that the C-terminal 39 aa of mouse 

IRF-1 played a role in regulating protein turnover, as a deletion mutant lacking this 

region was found to be much more stable than the wt protein [166]. Moreover, when 

these 39 aa were fused to GFP, the half-life of the usually stable GFP was 

dramatically decreased, suggesting the sequence functions as a degradation signal or 

degron [166]. Further studies by the Ball group have mapped the human IRF-1 

degron to aa 301-310, a region that partially overlaps with the Cdk2 repressor motif 

[157]. Additionally, the enhancer domain was shown to be essential for IRF-1 
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ubiquitination although it was not itself ubiquitinated [157]. Studies by the Ball 

group have also identified a function for the terminal PCAP motif of IRF-1 in its 

stabilisation – a deletion or mutation of these residues to Ala, as well as a point 

mutation in the C-terminal Pro (P325A) renders the protein highly susceptible to 

proteasome-mediated degradation, with its half-life decreasing from ~30 min (wt 

protein) to ~5-15 min (C-terminal mutants) [165, 167].  

 

The above studies suggest that the IRF-1 enhancer domain may be a protein-

interaction interface, possibly binding to ubiquitin-pathway components such as an 

E3 ligase, and to co-repressor proteins to mediate Cdk2 repression, in addition to 

binding to p300.  

 

 

1.2.2.5 N-terminal repressor domain 

In a study using GAL4 fusion proteins, Kirchhoff et al observed that full length 

murine IRF-1 was less transcriptionally active than the 185-329 or 221-329 mutants , 

indicating the presence of a repressor within the N-terminus of the protein [163]. 

Further analyses using sequential N-terminal deletions identified a repressor domain 

within the N-terminal 60 aa of murine IRF-1 [163]. Interestingly, this region of the 

IRF-1 protein is conserved in IRF-2, IRF-3 and ICSBP/IRF8 but not p48/IRF-9 

[163]. The authors also note that the N-terminii of IRF-1 and IRF-9 differ most in a 

region contained in loop 1 and helix α2 of the IRF-1 structure that does not directly 

contact DNA (aa 45-50; WDINK in IRF-1 and FREDQ in IRF-9), and suggest that 

this region may be important for mediating repression. Additionally, the authors 

show that the repressor domain functioned independently of position (both N- and C- 

terminal GAL4 fusion proteins behave in a similar manner) and DNA-binding (IRF-1 

binding to the ISRE was not required as demonstrated using GAL4 fusion proteins) 

[163].  

 

It is believed that the combined effects of the transactivation, enhancer and repressor 

domains make IRF-1 a weak transcriptional activator [163]. Whether repressor 



 35

domain function is mediated through the recruitment of binding factors and whether 

this can be alleviated by post-translational modifications remains to be studied. 

  

 

1.2.2.6 Dimerisation domain 

Early studies showed that IRF-8, like IRF-2, could repress IRF-1-driven 

transcriptional activation of IFN-inducible genes through a C-terminal repressor 

domain, and this activity was distinct from its DNA binding activity [168, 169]. In 

fact, an IRF-8 mutant incapable of binding DNA was shown to repress IRF-1-

dependent transactivation, implying a direct association between the two proteins 

[170]. Subsequently, direct binding of IRF-1 and IRF-8 was demonstrated in 

mammalian cells using a two-hybrid system adapted to mammalian cells [150]. The 

region between aa 164-219 was identified as the heterodimerisation site on IRF-1 for 

IRF-8/ICSBP using sequential N- and C- terminal deletion mutants [150]. A portion 

of the NLS of IRF-1 (aa 124-141) was also shown to play a role in this interaction, as 

a mutant with altered aa composition between 124 and 141 was incapable of 

heterodimerising with IRF-8. However, the IRF-1 aa 124-141 fragment could not 

bind ICSBP by itself [150]. 

 

Additionally, murine IRF-1 has also been shown to homodimerise in vivo through aa 

91-114 using the mammalian two-hybrid system described above [171]. However, 

density gradient centrifugation analysis has suggested IRF-1 is a monomer in 

solution, and also binds to DNA as a monomer, given that an IRF-1-DNA complex 

cross-linked by UV runs on an SDS-PAGE gel at a mobility consistent with the size 

of a monomer (unpublished observations listed in [42]). Additionally, the crystal 

structure of the IRF-1 DBD suggests it binds to DNA as a monomer [153]. Whether 

IRF-1 binds to DNA as a dimer or monomer, or whether two IRF-1 molecules 

dimerise on DNA remains to be studied in more detail.  

 

                                                 
 IRF-8 mutants lacking the first 33 aa and therefore incapable of binding DNA were fused to the 
GAL4 DBD, and IRF-1 mutants incapable of binding DNA were fused to the transactivation domain 
of VP16. Both constructs were co-transfected together with a plasmid containing a GAL4-driven 
reporter gene, and its activity measured 
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A schematic of the IRF-1 domains and sub-domains described in this section is given 

in Figure 1.12. 

 

 

 

1.2.3 IRF-1 functions 

 

1.2.3.1 IRF-1 and immunity 

 

1.2.3.1.1 Innate immunity 

Although initially thought to be the non-specific component of the mammalian 

immune response, innate immunity has since been demonstrated to exhibit specificity 

towards pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide 

(LPS) and viral nucleic acids [172]. PAMPs are recognised by pattern recognition 

receptors (PRRs), including cytosolic PRRs such as PKR (protein kinase, dsRNA 

dependent) and RIG-1 (retinoic acid inducible gene 1) and membrane-bound Toll-

like receptors (TLRs) [41, 172]. Interestingly, both RIG-1 and PKR have been shown 

to be induced by IRF-1 [173, 174]. 10 human TLRs have been identified (TLR1-10), 

of which TLR3 is specific for viruses, while the other TLRs detect bacteria, fungi etc 

[172]. All TLRs except TLR3 function by recruiting the MyD88 (myeloid 

differentiation primary-response protein 88) adaptor protein; TLR3 recruits TRIF 

(Toll/IL-1 receptor-domain containing adaptor inducing IFNβ) (references in [41]). 

IRF-1 has been shown to directly interact with MyD88, like IRF-5 and IRF-7 [175]. 

In fact, the authors demonstrate that although IFNγ strongly induces IRF-1 

transcription, in the absence of an interaction with MyD88 (which they suggest is 

involved in the activation of IRF-1 by phosphorylation), IRF-1 is unable to migrate 

into the nucleus efficiently and activate target genes. Additionally, conventional 

dendritic cells and macrophages from IRF-1-/- mice stimulated with IFNγ and agents 

to activate TLR9 and  TLR3/6 were impaired in their induction of IFNβ, iNOS 

(inducible nitric oxide synthase) and IL-12p35 [175]. 
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Figure 1.12 Functional domains of the human IRF-1 protein 
NLS nuclear localisation signal; HD putative homodimerisation domain; CT2 and 
CT3 (blue lines) C-terminal p300 binding sites.  
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Evasion of the IFN system by viruses 

Many viruses have evolved elegant ways to inhibit cellular IRFs and evade the 

immune system. For example, the human herpes virus 8 (HHV-8) encodes four 

homologs of cellular IRFs that inhibit IRF-1 and other cellular IRFs – this is 

described in section 1.1.4. Additionally, the E6 and E7 proteins of papilloma virus 

bind directly to IRF-3 and IRF-1 respectively and inactivate these proteins 

(references in [176]). The adenoviral E1A protein down-regulates Stat1 and IRF-9 

expression and binds directly to Stat1 to inhibit its activity (references in [176]).  

 

Perhaps the most interesting mechanism of immune evasion is that used by the 

human immunodeficiency virus (HIV-1). Like other viral infections, HIV infection 

induces IRF-1 expression in cells [177]. However, the long terminal repeat (LTR) of 

HIV contains an ISRE, to which IRF-1 and IRF-2 bind (reviewed in [176]). 

Increased IRF-1 produced upon infection therefore activates the transcription of HIV 

genes through binding to the LTR, thereby enabling HIV replication. Additionally, 

the HIV genome also encodes proteins that inhibit PKR and RNase-L (reviewed in 

[176]). Moreover, unlike in mammalian cells, IRF-2 does not inhibit IRF-1 function 

at the viral ISRE, but instead may act as an agonist, thus aiding HIV replication 

(reviewed in [176]).  

 

 

1.2.3.1.2 Immune cell development 

In bone marrow stroma cells, which constitute the microenvironment for natural 

killer (NK) cell development, IRF-1 induces transcription of IL-15, which is essential 

for progenitor NK cells to develop into NK cells [178]. Studies using IRF-1-/- mice 

have shown that the number of NK cells is dramatically reduced in these mice, and 

NK cell activities such as cytotoxicity and IL-12-dependent IFNγ production are 

absent [41, 179].  

 

                                                 
 NK cells are a group of cytotoxic lymphocytes that kill tumour cells and virus-infected cells by 
releasing granzyme and perforin, which induce apoptosis of infected cells 
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Additionally, IRF-1 appears to be involved in the lineage commitment and selection 

of CD8+ cytotoxic T-cells, as IRF-1-/- mice display a profound reduction of mature 

CD4- CD8+ T cells in the thymus and peripheral lymphoid organs [95]. Subsequent 

studies have suggested that IRF-1 may be required for survival signals involving 

Bcl2 to support CD8+ T-cell development, as the introduction of Bcl2 into IRF-1-/- 

mice restores CD8+ T-cell development [180]. 

 

IRF-1 has also been shown to play a critical role in the development of TH1 immune 

responses [181]. IRF-1-/- mice are severely deficient in IL-12, a cytokine essential 

for TH1 differentiation, and are vulnerable to Listeria monocytogenes and 

Leishmania major infection [182]. IRF-1 has also been shown to play a role in the 

maturation of dendritic cells (DC) and myeloid cells [183, 184]. 

 

It is worth noting that downstream targets of IRF-1 include iNOS and the p40 subunit 

of IL-12 (IL-12p40), which are essential for mediating the effector phase of the TH1 

immune response (macrophage cytotoxicity) and for TH1 cell differentiation 

respectively [181, 185]. Additionally, IRF-1 activates several genes involved in 

antigen presentation by MHC Class I molecules including the active proteasome 

subunits Multi-human endopeptidase complex-like 1 (MECL1) and Low molecular 

weight protein-2  (LMP-2),  and the Transporter associated with antigen processing-1  

                                                 
 Cytotoxic T-cells or TC cells are effector T-cells that recognise antigenic-peptides bound to MHC 
Class I molecules and cause cell death of infected cells by apoptosis 
 CD4+ T-cells (T helper cells or TH cells) are T-lymphocytes that do not kill cells themselves, but 
instead assist macrophages in their cytotoxic functions (TH1 response) or B-cells in clonal expansion 
and antibody production (TH2 response) 
 Listeria monocytogenes is an intracellular bacterium that causes Listeriosis, a food-borne infection 
that has a high fatality  
 Leishmania major is a parasite that causes the skin disease Leishmaniasis. It is transmitted to 
humans through sandflies 
 DCs are antigen-presenting cells (APCs) that process foreign antigens and present them on their 
surface with MHC I and II to other immune cells 
 Myeloid cells are any leukocytes/white-blood cells that are not classified as T or B lymphocytes 
 Macrophages are large leukocytes that function as APCs. In addition to presenting antigens on their 
surface with MHC molecules, they also phagocytose cellular debris and pathogens 
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(TAP-1) [186, 187]. The expression of CIITA, a critical transcription factor for MHC 

Class II gene induction by IFNγ was also shown to require IRF-1, together with IRF-

2 [57].  

 

 

1.2.3.1.3 Inflammation  

IRF-1 also appears to play a role in inflammation and autoimmunity as IRF-1-/- mice 

show a decreased incidence and severity of certain types of allergies, arthritis and 

inflammatory disorders [188]. IRF-1 was found to repress the Secretory leukocyte 

protease inhibitor (SLP1) gene, which plays a role in neutrophil-mediated 

inflammation and the LPS response, and activate Cyclooxygenase-2 (Cox-2), which 

is involved in the formation of biological mediators of inflammation called 

prostanoids (aspirin, ibuprofen etc provide relief from symptoms of pain and 

inflammation through inhibition of Cox) [189, 190]. Additionally, IRF-1 cooperates 

with NF-κB in the activation of Vascular cell adhesion molecule-1 (VCAM-1), which 

helps to recruit inflammatory cells from the bloodstream to the site of tissue injury 

[191].  

 

 

 

1.2.3.2 IRF-1 and cancer 

 

1.2.3.2.1 IRF-1 as a tumour suppressor protein 

Early studies using IRF-1-/- MEFs raised the possibility of IRF-1 functioning as a 

tumour suppressor: while wt MEFs require the activities of at least two oncogenes in 

order to be transformed, the introduction of c-Ha-ras alone is sufficient to transform 

IRF-1-/- MEFs [192]. Additionally, ectopic expression of IRF-1 can suppress the 

malignant properties of IRF-2, c-Ha-ras and c-myc transformed cell lines in vitro and 

in vivo [45, 192-194]. IRF-1 has also been shown to decrease the expression of 

tumour-promoting genes such as Human telomerase reverse transcriptase (hTERT; 

IRF-1-/- cells show >15 times hTERT activity), and interestingly this repression was 

less pronounced in p53-/- cells [195]. 
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The loss of IRF-1 by itself is not able to induce tumour formation in mice; however 

in conjunction with the over-expression of c-Ha-ras or loss of p53, IRF-1 deficiency 

dramatically enhances the occurrence of tumours [39]. In order to rule out the 

possibility that the increased incidence of tumours observed in IRF-1-/- p53-/- double 

null mice may be due to loss of p53 alone, chimeric mice consisting of IRF-1-/- p53-/- 

cells and p53-/- cells were made, and it was found that most tumours originated from 

IRF-1-/- p53-/- cells [39]. Moreover, a much broader spectrum of tumours was 

observed in these cells when compared to p53-/- cells.  

 

In an attempt to identify IRF-1 target genes that mediate its tumour suppressive 

activity, the lysyl oxidase (Lox) gene was identified, the protein encoded by which 

plays a critical role in the biogenesis of connective tissue matrices [196]. This gene 

has an IRF-E in its promoter, and ectopic expression of Lox partially suppresses the 

transformed phenotype of c-Ha-ras expressing IRF-1-/- MEFs [196].  

 

 

1.2.3.2.2 IRF-1 in human cancers 

As mentioned in section 1.2.1.1, the 5q31 region containing IRF-1 is frequently 

deleted in leukaemias and preleukaemic myelodysplastic syndrome (MDS), and in a 

study of 13 patients with MDS, IRF-1 was the only gene found to be consistently 

deleted or rearranged in one or both alleles [134]. In fact, 5q deletions occur in as 

many as 30% of patients with MDS, in 50% of patients with acute myelogenous 

leukaemia (AML) arising secondary to MDS, and 15% of de novo AML cases 

(references in [134]). Additionally, the loss of one IRF-1 allele is correlated with 

oesophageal and gastric cancers, with one in four observed cases showing an 

accompanying inactivating point mutation in the other IRF-1 allele such as a mis-

sense IRF-1 mutation (M8L) leading to a reduced transcriptional activity [197-199]. 

A recent study has shown that IRF-1 protein levels are decreased in oesophageal 

small cell carcinomas compared with normal oesophageal cells, and interestingly, 

IRF-2 levels in these carcinomas are high, suggesting a possible mechanism for IRF-

1 inactivation in these cells (see below; [200]). IRF-1 expression has also been linked 
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to breast cancers, with low IRF-1 expression correlating with metastasis and invasive 

potential in breast cancer cell lines [55].  

 

In addition to deletions and mutations in IRF-1, several mechanisms to inactivate 

IRF-1 have been identified. For example, nucleophosmin (NPM/B23), a putative 

ribosome assembly factor that is frequently over-expressed in leukaemias, binds 

directly to IRF-1 and inhibits its function [201]. The interaction between NPM and 

IRF-1 is examined in more detail in Chapter 3 of this thesis. Additionally, the 

accelerated exon skipping and aberrant splicing of IRF-1 mRNA that is observed in 

some leukaemias leads to the expression of non-functional IRF-1 protein [202-204]. 

In some cases, owing to the skipping of exon 2 (which contains the initiation codon) 

and exon 3, no IRF-1 protein is expressed [202]. A recent study has also shown that 

in cervical cancer exons 7, 8 and/or 9 of IRF-1 are frequently skipped, resulting in 

the production of a C-terminally cleaved IRF-1 mutant that is more stable, is 

expressed at constant levels throughout the cell cycle, and acts as a dominant 

negative for wt IRF-1 in these cells [205]. Moreover, the expression of IRF-2, as well 

as oncoprotein E7 of human papilloma virus 16 (HPV) have been shown to inhibit 

IRF-1 function [37, 206]. In addition, low IRF-1 mRNA has been observed in many 

cancers including breast cancer, hepatocellular carcinoma and endometrial cancer, 

suggesting a possible link between IRF-1 loss/inactivation and development of 

cancers (references in [41]). 

 

 

1.2.3.2.3 IRF-1 and apoptosis 

A hallmark of tumour suppressors is the induction of apoptosis rather than cell cycle 

arrest to eliminate cancerous cells from the host [41]. Apoptosis or programmed cell 

death occurs through an intrinsic pathway initiated by the release of factors from the 

mitochondria, or an extrinsic pathway initiated by the stimulation of transmembrane 

death receptors [207]. IRF-1 has been shown to play a role in DNA-damage induced 

apoptosis, and apoptosis induced by other stresses (see below). When an activated 

oncogene such as c-Ha-ras is introduced into wt MEFs, they undergo apoptosis in a 

p53 and IRF-1 dependent manner upon treatment with anticancer drugs or DNA-
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damage inducing agents [192]. Additionally, it was demonstrated that DNA-damage 

induced apoptosis in mitogenically activated mature T-cells is dependent on IRF-1 

but not p53, whereas in immature thymocytes it is dependent on p53 but not IRF-1 

[208, 209]. IRF-1 was also recently shown to be involved in the induction of 

apoptosis in p53 deficient/damaged human mammary epithelial cells when treated 

with the anti-cancer drug tamoxifen [210]. Thus, IRF-1 and p53 function 

cooperatively as well as independently in the induction of apoptosis in response to 

DNA damage, depending on the cell type [41]. It is worth noting that the Gatekeeper 

of apoptosis activating proteins (GAAP-1), a transcriptional activator of both p53 

and IRF-1, has proapoptotic activity [211]. 

 

IRF-1 has been linked to apoptosis in a variety of cells and a handful of IRF-1 target 

genes that may mediate its apoptotic functions have been identified. For example, 

IRF-1 was found to activate the expression of the IL-1 converting enzyme (ICE) 

gene, which enhances the sensitivity of cells to radiation-induced apoptosis in 

splenocytes treated with the mitogen conA [209]. In breast cancer MDA468 cells, 

IRF-1-dependent apoptosis was found to involve caspase-8, while IRF-1, together 

with Stat1 and IRF-7 were found to play a role in the regulation of TNF-related 

apoptosis-inducing ligand (TRAIL) in HIV-infected macrophages [212, 213]. 

Additionally, in mouse breast cancer cell lines, IRF-1 was shown to induce apoptosis 

via caspase-7 and caspase-8 upregulation, and interestingly, IRF-1 over-expression 

did not induce apoptosis in non-malignant breast cell lines [193]. IRF-1, along with 

IRF-3 and CREB, has also been shown to induce NOXA-dependent apoptosis in a 

p53 independent manner in ssRNA virus-infected cells [214]. Recently, IRF-1 was 

shown to transcriptionally activate the p53-upregulated modulator of apoptosis 

(PUMA) in gastric cancer cells in the absence of p53, and initiate apoptosis through 

PUMA via the extrinsic pathway [215].  

 

Interestingly, in gastric cancer cells, IRF-1 was recently shown to activate X-linked 

inhibitor of apoptosis protein-associated factor-1 (XAF-1), a gene encoding a tumour 

suppressor that sensitises cancer cells to apoptosis [216]. Thus IRF-1 may induce 

apoptosis in one of several ways, including the activation of proapoptotic proteins 
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involved in both the intrinsic and extrinsic apoptotic pathways, and the activation of 

target genes that sensitise cells to apoptosis.   

 

It is worth noting that although IRF-1 is essentially an inducer of apoptosis, it may 

have an anti-apoptotic role in some instances. For example, in the early, reversible 

stages of post-lactational involution of murine mammary glands, IRF-1 may 

contribute to cell survival by preventing premature epithelial apoptosis [217]. 

Additionally, as described in section 1.2.3.1.2, IRF-1 may be required for survival 

signals involving Bcl2 during CD8+ T-cell development [180]. 

 

 

 

1.2.3.3 IRF-1 and the cell cycle 

 

Early studies using murine IRF-1 showed that its overexpression in various 

mammalian cells resulted in growth inhibition [218]. In fact, the authors report that 

they were unable to make stable IRF-1 cells expressing high levels of the protein 

owing to this growth inhibition. Additionally, they show that this effect of IRF-1 is 

not a side-effect of the upregulation of IFNs by using neutralising antibodies against 

IFNs and by identifying stable cells expressing low levels of IRF-1 that were 

insufficient to induce IFNs. The growth inhibition of IRF-1 required its DNA-

binding activity, suggesting that IRF-1 target genes may include cell cycle genes 

[218]. Subsequent studies showed that IRF-1 mediates IFNγ-dependent cell cycle 

arrest and is required for the induction of IFNγ-induced but not constitutively 

expressed p53 mRNA in primary cultured hepatocytes; moreover, in mouse 

embryonic fibroblast NIH 3T3 cells IRF-1 overexpression causes G2 cell cycle arrest 

[197, 219].  

 

Interestingly, IRF-1 overexpression was shown to inhibit cell growth specifically in 

tumour cells, but not in non-malignant breast cancer cell lines in vitro [193]. 

Furthermore, in this study IRF-1 overexpression also induced apoptosis of breast 

cancer cell lines through an upregulation of caspase-7 and caspase-8 both in vitro and 
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in vivo. Additionally, although the introduction of activating Ras mutations in 

immortalised cell lines is usually transforming, in some instances, ectopic expression 

of activated Ras inhibits cell growth in myeloid cells, and this was shown to occur 

through induction of p21 in a p53 independent but IRF-1 dependent manner [220]. 

 

Various target genes have been identified that may mediate IRF-1’s growth 

inhibitory effects. For example, the serine/threonine dsRNA dependent kinase PKR 

has been shown to be regulated by IRF-1, with both IRF-1-mediated IFN induction 

and growth suppression abolished in the presence of dominant negative PKR [173]. 

The overexpression of 2-5A synthetase has also been linked to cell growth 

inhibition, and its expression is known to be induced by IRF-1 [221]. Interestingly, 

this study demonstates that IRF-1 also has the potential to induce IRF-2 transcription, 

thus promoting its own inhibition. The Cdk inhibitor p21 has also been shown to be 

activated by IRF-1, and this is discussed in the section below. In fact, IRF-1 has been 

directly implicated in Cdk2 gene repression (cyclin dependent kinase 2), possibly by 

interfering with SP1 activation of Cdk2 [222]. The C-terminus of IRF-1 (aa 301-313) 

was shown to be involved in Cdk2 repression and IRF-1 mutants unable to repress 

Cdk2 were also compromised in their growth inhibition potential [165].  

 

Recently, IRF-1 was shown to indirectly decrease cyclin D1 levels and Cdk4 activity 

in transformed but not non-transformed cells, possibly by inhibiting the MAPK 

(mitogen-activated protein kinase)  kinase pathway [223]. Decreased levels of 

cyclin  

                                                 
 PKR is a dsRNA ‘sensor’ that recognises dsRNA produced upon viral infection. Upon activation 
(possibly by autophosphorylation and dimerisation), it phosphorylates target proteins such as the 
eukaryotic translation initiation factor eIF2, whose function is inhibited by the phosphorylation. PKR 
activation usually results in the apoptosis of infected cells 
 2-5A synthetase or 2’5’-oligoadenylate synthetase-2 is an enzyme that converts ATP into 2’,5’-
oligoadenylates - this activate RNaseL to cleave ssRNA 
 Cdk2 or cyclin-dependent kinase 2 is a ser/thr kinase that associates with cyclin E during the G1/S 
phase transition, and with cyclin A during the remainder of the S phase. It is believed to be essential 
for G1/S transition; however this is questionable as Cdk2-/- cells can progress through the cell cycle 
normally 
 MAP kinases are ser/thr protein kinases that respond to various stimuli such as proinflammatory 
cytokines, mitogens, heat shock etc. The MAPK cascade involves the activation of a MAP kinase, a 
MAP kinase kinase and a MAP kinase kinase kinase in series 
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D prevent cell cycle progression by reduced activation of Cdk4/Cdk6, as a result of 

which E2F repression by Rb (retinoblastoma protein) cannot be relieved by Cdk-

dependent pRb phosphorylation (references in [223]). In fact, increased cyclin D 

expression is observed in many cancers, while a decreased expression reduces the 

likelihood of tumour formation in nude mice (references in [223]). Thus, cyclin D 

could be a crucial IRF-1 target that mediates its growth inhibition functions in cancer 

cells.  

 

IRF-1, especially in combination with IRF-3 or IRF-7, is a known activator of the 

histone H4 gene [224]. The cell cycle control of histone H4 has been much studied, 

and a 3-fold increase in activity was found to be essential at the G1/S phase for DNA 

replication to progress smoothly (references in [224]). Therefore, in addition to 

inducing cell cycle arrest, IRF-1 can also promote cell-cycle progression in some 

cases.  Moreover, as discussed in section 1.2.1.4, IRF-1 has also been implicated as a 

nuclear mediator of the functions of the mitogen prolactin in promoting cell cycle 

entry as well as progression in T lymphocytes [147].  

 

 

 

1.2.3.4 IRF-1 and the DNA damage response 

 

wt MEFs, when exposed to DNA-damaging agents such as γ-irradiation, undergo G1 

cell cycle arrest due to upregulation of the Cdk inhibitor p21 – this process has been 

shown to be dependent on both IRF-1 and p53 [225]. In fact, IRF-1-/- MEFs are 

severely defective in their ability to undergo DNA damage-induced cell cycle arrest, 

similar to p53-/- MEFs [225]. Studies by the Ball group showed that IRF-1 induction 

in response to DNA damage occurred in an ATM-dependent manner, suggesting a 

novel,  JAK/STAT  independent  pathway  for  IRF-1  induction  [226].  In  fact,  the  

                                                 
 Rb is a tumour suppressor protein that is mutated or dysfunctional in many types of cancer. It’s 
major role is to prevent excessive cell division by inhibiting cell cycle progression through binding to 
E2F-1, which prevents it from activating target genes involved in G1/S phase transition and DNA 
replication 
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observed increase in IRF-1 protein levels was due to an increase in IRF-1 mRNA as 

well as in the stability of the IRF-1 protein, with its half-life increasing from ~38 min 

(wt) to 88 min (etoposide) and 114 min (IR) [226]. Although the p21 promoter 

contains both p53 and IRF-1 response elements, while p53 induces p21 expression 

several fold, IRF-1 is only a weak activator of p21 (references in [226]). The two 

proteins, however, cooperate synergistically rather than additively to induce p21 

activation [226]. Further studies by the Ball group demonstrated that IRF-1 DNA-

binding activity was not required for the synergistic up-regulation of p21 by IRF-1 

and p53, but rather IRF-1 recruited the co-activator p300 to p53/DNA complexes 

[151]. IRF-1 binding to p300 enhanced its interaction with DNA-bound p53, 

resulting in p53 acetylation and ‘clamping’ onto the DNA [151].  

 

Interestingly, IRF-1 has also been implicated in DNA repair – studies using IRF-1 

null hepatocytes showed reduced DNA repair when compared to wt hepatocytes 

[227]. Moreover, the loss of IRF-1 appeared to cause a ‘dysregulation’ of p53, with 

the protein being significantly more active than in control wt cells. However, DNA-

damage induced apoptosis in these cells is neither dependent on p53 nor IRF-1 [227]. 

 

A recent study identified 202 novel IRF-1 target genes in breast cancer cells using a 

chromatin immunoprecipitation coupled to CpG island microarray (ChIP–chip) 

approach [228]. Of these, genes involved in the DNA damage response were 

significantly enriched. One such example is BRIP-1 (BRCA-interacting protein 1). 

IRF-1 over-expression increased BRIP-1 protein levels, and knockdown of IRF-1 

resulted in reduced levels of BRIP-1 and loss of BRIP-1 foci after DNA interstrand 

                                                 
 ChIP-chip or ChIP-on-chip combines chromatin immunoprecipitation with microarray technology. It 
is useful for finding transcription factor binding sites within the genome, and also for identifying sites 
at which histones may bind DNA, as these may be important in gene regulation. In brief, the protein 
of interest is cross-linked to DNA (usually using formaldehyde), after which the cells are lysed and 
DNA sheared using DNAses or sonication. Protein-DNA complexes are isolated using antibodies 
specific to the protein of interest, and cross-linking is reversed (by heating, in the case of 
formaldehyde cross-linking). The DNA is then purified, amplified, denatured and fluorescent-labelled, 
and the resulting labelled single-strand DNA added onto a DNA microarray to test for hybridisation 
with complementary strands 
 BRIP-1 is a DNA helicase that interacts with BRCA-1 (breast cancer type 1) and is essential for the 
double-strand break repair function of BRCA-1 



 48 

crosslink (ICL) damage [228]. Further analysis of the other IRF-1 target genes 

identified in this study may clarify IRF-1’s role in the DNA damage/repair pathway. 

 

 

1.2.3.5 Other functions of IRF-1 

 

In addition to its functions in the immune system, in cancers and in DNA repair, IRF-

1 has also been shown to inhibit angiogenesis, which may be linked to its role as a 

tumour suppressor [229]. Additionally, several IRF family members including IRF-1 

have been shown to repress adipogenesis, with the knockdown of IRF-1 during 

adipocyte differentiation consistenly showing an enhanced adipocyte-specific gene 

expression [230]. 

 

 

1.3 Objectives of this thesis 

 

Although IRF-1 has been implicated in several cellular pathways, only a handful of 

IRF-1 interacting proteins have been identified thus far. In order to better understand 

how IRF-1 functions and to expand on the IRF-1 interactome, the primary focus of 

this study was to identify new IRF-1 binding proteins. Chapter 3 describes a peptide 

affinity chromatography technique that was developed specifically for the 

identification of IRF-1 interacting proteins, and demonstrates the validity of the 

method in cells and in vitro using purified recombinant IRF-1. Chapter 4 builds on 

the data obtained in Chapter 3, and characterises the novel interaction between IRF-1 

and heat-shock molecular chaperones. Lastly, Chapter 5 identifies the heat-shock 

chaperone-associated protein CHIP as an E3 enzyme that catalyses IRF-1 

ubiquitination, making it the first Ub-E3 ligase to be identified for IRF-1. Further, 

this chapter looks into the role of heat-shock proteins in CHIP-dependent 

ubiquitination of IRF-1, and evidence is presented for a novel model of Hsp70/CHIP 

ubiquitination of substrate proteins such as IRF-1.   

                                                 
 Data from Chapter 3 was published in 2011 [408]; data from Chapter 4 was published in 2009 [390] 
and some data from Chapter 5 was published in 2011 [407] 
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CHAPTER 2: MATERIALS AND METHODS 

 

 

2.1 Plasmids, chemicals and reagents 

 

pET-15b-mod-CHIP was a kind gift from Alicja Zylicz; the GST-AGR2 plasmid was 

from Euan Murray, Lindsay Birch and Ted Hupp; pcDNA3-IRF-1 wt and mutants 

(S308A, S308D) were from Mirjam Eckert, Emmanuelle Pion and Kathryn Ball; 

pET-21a-NPM was from France Carrier [231]; pGEX-4T1-KAP1 and pcDNA3.1-

FLAG-KAP1 were from Alexey Ivanov [232]; pET-26b-SET and pDESTmycYBX1 

were from Judy Liberman and Thomas Tuschi respectively (both via Addgene) [233, 

234].  

 

All general chemicals and reagents were from Sigma or BDH unless otherwise 

indicated.  

 

 

 

2.2 General microbiological techniques 

 

All microbiological techniques were carried out using sterile apparatus and media 

under aseptic conditions. 

 

 

2.2.1 Maintaining bacterial cultures 

 

Bacterial cultures were grown in Luria-Bertani (LB) broth unless otherwise indicated 

in an incubator-shaker maintained at 37°C, 220 rpm. Suitable sterile containers with 

capacities of at least 4X the volume of the culture being grown were used to allow 

for adequate aeration. If required, selective antibiotics were added to the LB medium 

at the following final concentrations: 100 μg/ml ampicillin, 25 μg/ml kanamycin and 

30 μg/ml chloramphenicol.  
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Luria-Bertani (LB) broth 

25 g LB medium (Miller) was dissolved in 1 litre of distilled water and sterilised by 

autoclaving at 121°C for 15-20 min. Final concentrations of the individual 

components in the broth were: 

1% (w/v) Tryptone 

0.5% (w/v) Yeast extract 

1% (w/v) NaCl 

 

LB Agar 

40 g LB-Agar (Miller) was dissolved in 1 litre of distilled water and sterilised by 

autoclaving at 121°C for 15-20 min. Final concentrations of the individual 

components were: 

1% (w/v) Tryptone 

0.5% (w/v) Yeast extract 

1% (w/v) NaCl 

1.5% (w/v) Agar 

 

LB-agar plates were prepared by pouring LB-agar that was liquefied by heating (and 

subsequently cooled to about 40°C) into 90 mm petridishes (Sterilin). If required, 

selective antibiotic was added to the liquefied LB-agar immediately prior to pouring 

into the petridishes. The agar was further cooled until it solidified, and the plates 

were dried at 37°C for up to 1 h prior to use. 

 

 

2.2.2 Glycerol stocks 

 

Glycerol stocks for long term storage of bacteria were prepared by adding 200 μl 

sterile glycerol to 800 μl mid-log phase bacterial culture in a cryotube (Nunc). The 

stocks were mixed by gentle agitation, snap frozen in liquid nitrogen and stored at     

-80°C. 
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2.2.3 Preparation of competent cells by heat shock method 

 

Bacterial cells (DH5α or BL21) from glycerol stocks were inoculated into 2 ml of LB 

medium (without antibiotic) and incubated overnight in an incubator-shaker at 37oC 

and 220 rpm. An aliquot of the overnight culture (250 μl) was added to 50 ml fresh 

LB and further incubated until its OD600nm was approximately 0.4. The culture was 

centrifuged at 4000 g for 15 min at 4oC and the pellet resuspended in 16 ml of ice-

cold buffer I. Following a 10 min incubation on ice the cells were centrifuged again 

as above. The cell pellet was then gently resuspended in 2 ml of ice-cold buffer II, 

incubated on ice for 10 min and aliquotted (30 μl) into pre-chilled sterile 

microcentrifuge tubes. The aliquots were snap-frozen in liquid nitrogen and stored at 

-80oC. 

 

Buffer I       

60 mM CH3COOK      

100 mM RbCl      

10 mM CaCl2 (I used CaCl2.2H2O) 

40 mM MgCl2 (I used MgCl2.6H2O) 

15% (v/v) glycerol 

Adjust to pH 5.8 with CH3COOH and sterilise by filtration 

 

Buffer II 

10 mM MOPS 

10 mM RbCl 

75 mM CaCl2 

15% (v/v) glycerol 

Adjust to pH 6.5 with NaOH and sterilise by filtration 

 

 

2.2.4 Transforming bacterial cells 

 

Plasmid DNA (50-250 ng; usually 250 ng) was mixed with an aliquot of freshly 

thawed competent cells (30 μl) and incubated for 30 min on ice. The cells were then 
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heat shocked at 42ºC for 45 seconds and cooled on ice for 2 min. LB broth without 

antibiotic (0.5 ml) was added and the mixture was incubated at 37ºC for 90 min with 

shaking. Aliquots (20 μl and 100 μl) were plated onto LB-agar plates containing the 

appropriate selective antibiotic and incubated overnight at 37ºC. 

  

 

 

2.3 General molecular biology techniques 

 

2.3.1 Plasmid DNA amplification, extraction and quantification 

 

A single bacterial colony from a stock LB-Agar plate was inoculated into 5 ml of LB 

broth containing selective antibiotic if required and incubated at 37ºC for 6-8 hours 

with shaking (220 rpm). This ‘starter culture’ was then diluted into 250 ml LB broth 

(containing antibiotic if necessary) and incubated overnight as above. Cells were 

collected by centrifuging at 6000 g for 20 min at 4ºC and plasmid DNA extracted 

using the Qiagen HiSpeed Maxi-prep kit according to the manufacturer’s 

instructions. DNA was eluted in 0.5 ml nuclease-free water and stored at -20ºC. If 

required, plasmid DNA was extracted directly from the 5 ml starter culture using the 

Qiagen Mini-prep kit. DNA was quantified using a NanoDrop ND-1000 

spectrophotometer against a nuclease-free water blank. 

 

 

2.3.2 Agarose gel electrophoresis of DNA 

 

Agarose gel electrophoresis was used to separate DNA fragments, to test the purity 

of DNA preps, and to purify DNA. 1-2% agarose gels were prepared as required by 

dissolving electrophoresis-grade agarose (Invitrogen) in 1X TAE and then allowing 

the dissolved agarose to solidify by cooling. To aid in visualising the DNA, the 

fluorescent intercalating dye ethidium bromide was added to the agarose solution at a 

final concentration of 0.5 μg/ml immediately prior to pouring. DNA samples were 

mixed with 6X DNA loading dye at a 5:1 ratio of sample:dye and loaded onto the 
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agarose gel, which was subsequently run at 75-100 V for approximately 1 h (12 

V/cm x distance between the electrodes in cm).  

 

1X TAE Buffer 

40 mM Tris 

1 mM EDTA 

Adjust pH to 8 with glacial acetic acid 

 

6X DNA Loading Dye 

0.25% bromophenol blue 

0.25% xylene cyanol 

15% ficoll or glycerol 

 

 

 

2.3.3 DNA Sequencing 

 

DNA sequencing was carried out using the BigDye Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems) essentially according to the manufacturer’s 

instructions. The internal sequencing primers used for sequencing IRF-1, codon 

optimised IRF-1, Hsp70, CHIP and NPM as well as any commercially available 

sequencing primers used in this thesis are listed in Table 2.1. IRF-1 wt sequencing 

primers were designed by Mirjam Eckert and Sarah Meek. All primers were ordered 

from Sigma Genosys unless stated otherwise. 

 

 

                                                 
 A codon is a series of nucleotide triplets that encodes for a particular amino acid.  There are 64 
codons (including 3 stop codons), which encode for only 20 amino acids, making the genetic code 
degenerate. In some organisms such as E.coli, of the multiple codons for a particular amino acid, some 
are preferentially used. It is believed that this allows for faster translation with a high accuracy, and 
indeed highly expressed genes in E.coli often have only a single triplet codon for each amino acid. 
The human genome shows no codon bias  

The codon optimised IRF-1 sequence referred to in this thesis was purchased from GenScript, and 
uses the preferred E.coli triplet codons for each of the amino acids in the IRF-1 sequence. The insert 
was sub-cloned into E.coli expression vectors as required – this is described later in this thesis 
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Primer Sequence (5’-3’) 

Binding 
Site  

(in DNA 
sequence) 

Forward / 
Reverse 

Supplier 
(if 

commercially 
available) 

 
IRF-1 S1 

 
 

IRF-1 S2 
 
 

IRF-1 S6 
 
 

IRF-1 S7 
 
 

Codon Opt 
IRF-1 S2 

 
Codon Opt 
IRF-1 S6 

 
Codon Opt 
IRF-1 S7 

 
CHIP S2 

 
 

CHIP S4 
 
 

CHIP S5 
 

Hsp70 P1 
 
 

Hsp70 P2 
 
 

Hsp70 P3 
 
 

Hsp70 P4 
 
 

 
GGAGCCAGATCCCA
AGACGTG 
 
CAGGCTACATGCAG
GACTTGGAG 
 
GGTGGCATCCATGTT
CTTCAG 
 
CTCTTAGCATCTCGG
CTGG 
 
CGGGCTATATGCAGG
ATCTGGAA 
 
GGTCGCATCCATGTT
TTTCAG 
 
CTTTTCGCATCGCGG
CTGC 
 
CCTTCACAGACTGCC
CGTCC 
 
GCGAAGAAGAAGCG
CTGG 
 
GCTCGTCCATGTCCG 
 
GGCCAAAGCCGCGG
CGATCGG 
 
CGGCCTGGACAGAA
CGGG 
 
GGCTGTGGCCTACGG
GGCGG 
 
CACCATCACCAACGA
CAAGG 
 

 
209 

 
 

499 
 
 

891 
 
 

380 
 
 

500 
 
 

892 
 
 

380 
 
 

267 
 
 

424 
 
 

626 
 
3 
 
 

549 
 
 

1101 
 
 

1503 
 
 

 
Forward 

 
 

Forward 
 
 

Reverse 
 
 

Reverse 
 
 

Forward 
 
 

Reverse 
 
 

Reverse 
 
 

Reverse 
 
 

Forward 
 
 

Reverse 
 

Forward 
 
 

Forward 
 
 

Forward 
 
 

Forward 
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Hsp70 P5 

 
 

NPM S1 
 
 

NPM S2 
 
 

NPM S3 
 
 

N-CMV-30 
 
 
 
 

C-CMV-24 

 
GCCCAGGTACGCCTC
GGCG 
 
GCACTGGCCCTGAAC
CACAC 
 
GGAGGTGGTAGCAA
GGTTCCACAG 
 
CCACTTTGGGAAGAG
AACCACC 
 
AATGTCGTAATAACC
CCGCCCCGTTGACGC 
 
 
 
TATTAGGACAAGGCT
GGTGGGCAC 

 
390 

 
 

309 
 
 

436 
 
 

772 
 
 

818 (On 
p3xFLAG-
Myc-CMV-
24 vector) 

 
1073 (On 

p3xFLAG-
Myc-CMV-
24 vector) 

 

 
Reverse 

 
 

Reverse 
 
 

Forward 
 
 

Reverse 
 
 

Forward 
 
 
 
 

Reverse 

 
 
 
 
 
 
 
 
 
 
 
 
 

Sigma 
 
 
 
 

Sigma 

 

Table 2.1. Sequencing Primers 

 

 

A brief protocol to set up a sequencing reaction is outlined below: 

 

(I) Sequencing PCR 

Sequencing reactions were set up as follows: 

1 μl Big Dye v3.1 

2 μl Big Dye buffer (5X) 

300 ng DNA template 

0.5 μl sequencing primer (3.2 μM stock) 

Nuclease-free water to 10 μl 

 

PCR reactions were set up as described above using each sequencing primer 

individually. For example, to sequence IRF-1, two reactions were set up: one with 

the S1 primer and a second reaction with the S6 primer. 
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Thermal cycling conditions were: 

96°C for 1 min 

96°C for 10 sec 

50°C for 5 sec 

60°C for 4 min 

Repeat steps 2-4 for 25 cycles 

Hold at 4°C forever 

 

(II) Ethanol/EDTA precipitation 

Post thermal cycling, EDTA (2.5 μl of 125 mM stock prepared in nuclease-free 

water) and 100% ethanol (30 μl) were added to each reaction mix. The mix was 

gently vortexed for 5 sec and incubated at room temperature for 15 min. Samples 

were centrifuged at 16000 g for 20 min at room temperature and the supernatant was 

gently removed. The samples were further centrifuged for 15 sec and any remaining 

liquid was discarded. The DNA pellet (which may or may not be visible) was rinsed 

with 30 μl of 70% ethanol and centrifuged for 5 min at 16000 g, following which the 

ethanol was gently removed. Again, the samples were further centrifuged for 15 sec 

and any remaining liquid was discarded. Finally, the pellet was air dried for 10-15 

min and submitted for sequence analysis to the Geneservice DNA Sequencing 

Service at Cambridge. 

 

 

2.3.4 Cloning  

 

All primers were ordered from Sigma Genosys unless stated otherwise. 

 

 

2.3.4.1 Traditional cloning using restriction enzymes 

 

Cloning using restriction enzymes (RE) was performed in 3 steps – (I) PCR 

amplification of the desired insert flanked by RE sites, (II) RE digestion of insert and 

vector, (III) Ligation of double-digested vector and insert. 
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(I) Amplification of the desired gene by PCR 

A suitable template (cDNA, plasmid DNA etc) was used to amplify the desired gene. 

Primers were designed such that different RE sites were incorporated into the 5’ and 

3’ end of the insert (RE 1 at one end and RE 2 at the other). A list of primers with RE 

sites used in this thesis is given in Table 2.2. Additionally, Table 2.3 lists the 

recognition sequences of the RE’s used and the sites they cleave. 

 

While designing primers, care was taken to ensure that the inserted gene was in 

frame with any N/C-terminal tags (if present) on the vector. Nucleotide bases (8-10) 

were inserted adjacent to the RE site in order to allow for efficient RE binding. This 

sequence was manipulated to get a suitable overall primer GC content and melting 

temperature.  

 

 

Gene to be 
cloned 

Vector 
cloned into 

Tag encoded 
by the vector 

Primers (5’-3’) 
DNA 

Template 
(for PCR) 

 
IRF-1 wt 

 
 
 
 
 
 
 
 
 
 

IRF-1 Δenh 
 
 
 
 
 
 
 
 

IRF-1 
ΔC25 

 

 
pEXPR-
IBA-105 

 
 
 
 
 
 
 
 
 

pEXPR-
IBA-105 

 
 
 
 
 
 
 

pEXPR-
IBA-105 

 

 
N-terminal 
One-STrEP 

 
 
 
 
 
 
 
 
 

N-terminal 
One-STrEP 

 
 
 
 
 
 
 

N-terminal 
One-STrEP 

 

 
Forward: 
GCACTTCGGAATTC
GCCCATCACTCGGA
TGCGC 
 
Reverse: 
GACGTATCGTCGG
ATCCCTACGGTGCA
CAGGGAATGGC 
  
 
Forward: as above 
 
Reverse: 
GACGTATCGTCGG
ATCCCTACCCCTTC
CCATCCACGTTTGT
TGG 
 
 
Forward: as above 
 
 

 
pcDNA3-
IRF-1 wt 

 
 
 
 
 
 
 
 
 

pcDNA3-
IRF-1 wt 

 
 
 
 
 
 
 

pcDNA3-
IRF-1 wt 
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IRF-1 
P325A 

 
 
 
 
 
 

IRF-1 
Δ106-140* 

 
 
 
 
 
 
 
 
 

IRF-1 106-
140 only 

 
 
 
 
 
 
 
 
 

CHIP wt 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

pEXPR-
IBA-105 

 
 
 
 
 
 

pEXPR-
IBA-105 

 
 
 
 
 
 
 
 
 

p3xFLAG-
Myc-CMV-

24 
 
 
 
 
 
 
 
 

pET15b 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

N-terminal 
One-STrEP 

 
 
 
 
 
 

N-terminal 
One-STrEP 

 
 
 
 
 
 
 
 
 

N-terminal 3x 
FLAG 

 
 
 
 
 
 
 
 
 

N-terminal 6x 
His 

 
 
 
 
 
 
 
 

 
Reverse: 
GACGTATCGTCGG
ATCCCTAGTTCTTC 
AGATCTGTGAAGA
CACG 
  
 
Forward: as above 
 
Reverse: 
GACGTATCGTCGG
ATCCCTAAGCAGC
ACAGGGAATGGC 
  
 
Forward: 
GCACTTCGGCTCAG
CTGGGGATTCCAGC
CCTGATACC 
 
Reverse: 
GACGTATCGTCGG
ATCCCTACGGTGCA
CAGGGAATGGC 
  
 
Forward: 
GCACTTCGAAGCTT
GTGCGAGTGTACC
GGATGCTTCC 
 
Reverse: 
GACGTATCGTCGA
ATTCCTAACATGAC
TTCCTCTTGGCC 
  
 
Forward: 
GACGTATCGTCCAT
ATGATGAAGGGCA
AGGAGGAGAAGG 
 
Reverse: 
GCACTTCGGGATCC
TCAGTAGTCCTCCA
CCCAGCC 
  

 
 
 
 
 
 
 
 

pcDNA3-
IRF-1 wt 

 
 
 
 
 
 

pcDNA3-
IRF-1 wt 

 
 
 
 
 
 
 
 
 

pcDNA3-
IRF-1 wt 

 
 
 
 
 
 
 
 
 

pcDNA3-
CHIP wt 
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CHIP wt 

 
pDsRed-

Express-N1 
 

 
C-terminal 

dsRed  

 
Forward: 
GACTCGTCGAATTC
ACCATGAAGGGCA
AGGAGGAGAAGG 
 
 
Reverse: 
GCACTTCGGGATCC
GCGTAGTCCTCCAC
CCAGCCATTCTC 
 

 
pcDNA3-
CHIP wt 

 

 

Table 2.2. Primers used for traditional cloning (with restriction enzymes) 

   Key: Blue = RE recognition sequence 
                     Red = Linker sequence 

         Black = IRF-1 or CHIP sequence 
Green = nucleotide insert to maintain correct reading frame 
Pink = inserted partial Kozak sequence 
Black = complete Kozak sequence 

         
* For the cloning of IRF-1 Δ106-140 into pEXPR-IBA-105, the DNA encoding IRF-1 aa 
141-325 was amplified using the above primers. The PCR product and One-STrEP-IRF-1 wt 
(rather than One-STrEP empty vector) were then double-digested with BlpI and BamHI (this 
was possible because IRF-1 wt has an internal BlpI cleavage site at 308-314 bp) and ligated 
to give One-STrEP-IRF-1 Δ106-140. The mutant was further sub-cloned into p3xFLAG-
Myc-CMV-24 (FLAG-IRF-1 Δ106-140) and pDEST15 (GST-IRF-1 Δ106-140; see below). 
 

 

 

Restriction Enzyme 
Recognition Sequence (5’-3’) 

 [cleavage site marked by /] 

 
EcoRI 

 
BamHI 

 
BlpI 

 
HindIII 

 
NdeI 

 

 
G/AATTC 

 
G/GATCC 

 
GC/TNAGC 

 
A/AGCTT 

 
CA/TATG 

 

Table 2.3. Recognition Sequences of common Restriction Enzymes 
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The PCR was set up in nuclease-free tubes using 2X Pfu Master Mix (Rovalab) as 

follows: 

 

25 μl 2X Pfu Master Mix 

5 μl Band Doctor (supplied with Pfu Master Mix) 

50 ng Template DNA 

0.25 μl Forward Primer (100 μM stock) 

0.25 μl Reverse Primer (100 μM stock) 

Nuclease-free water to 50 μl  

 

Thermal cycling conditions were: 

95°C for 2 min 

95°C for 20 sec 

58°C for 40 sec 

72°C for 2 min 

Repeat steps 2-4 for 25-30 cycles 

72°C for 5 min 

Hold at 4°C forever 

 

Post PCR, the amplified DNA was cleaned up using the Qiagen PCR Clean-up Kit, 

and eluted in 30 μl nuclease-free water. 2 μl of the eluate (‘insert’) was loaded on a 

1% agarose gel to check for adequate amplification. 

 

(II) Restriction Digest of vector and insert 

Double digests were set up for the vector and insert as indicated below, using RE’s 

purchased from New England Biolabs (NEB). NEB buffers were used, and double 

digest conditions were as recommended by the supplier. 

 

                                                 
 Pfu is a DNA polymerase isolated from the hyper-thermophilic archaeon Pyrococcus furiosus 
(unicellular prokaryote with a separate evolutionary history than bacteria). Unlike other commercially 
available DNA polymerases, Pfu is highly thermostable and has excellent proof-reading properties, 
including 3’-5’ exonuclease activity – in fact its error rate is 1 in 1.3 million bases, against Taq 
polymerase’s error rate of 1 in 9000 bases. Given its proof-reading properties, it is consequently much 
slower and takes 1-2 min to amplify 1 kb DNA, while Taq takes about 10 sec  
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~30 μl PCR product (insert) 

4 μl NEB Buffer (check handbook for compatibility) 

0.4 μl BSA (100X; if required; check handbook for compatibility) 

1 μl RE 1 

1 μl RE 2 

Nuclease free water to 40 μl 

 

The vector into which the desired gene was to be cloned was digested in parallel as 

follows: 3-4 μg vector was diluted to 33.6 μl in nuclease-free water, and buffer, BSA 

and RE’s were added as above. Single digest controls were used to ensure that each 

enzyme could function efficiently under the reaction conditions used. 

 

Double digests were carried out at 37°C for 90 min following which the samples 

were incubated at 65°C for 10 min to deactivate the RE’s. 

 

Following the double digest, the entire digestion mix was loaded onto a 1% agarose 

(w/v) gel, and single bands corresponding to the double-digested vector and double-

digested insert (viewed under UV) were cut out and purified using the Qiagen Gel 

Extraction Kit according to the manufacturer’s instructions. Purified DNA was eluted 

in 30 μl nuclease-free water. 

 

(III) Ligation of double-digested vector and insert 

Ligation of the double-digested gel-extracted insert and vector was carried out using 

T4 DNA ligase (Promega) according to the manufacturer’s instructions. In brief, 100 

ng vector was used and the amount of insert to be added was calculated using the 

formula: 

 
Insertng = Vectorng x Insert sizekb    x    Molar ratio of Insert 

    Vector sizekb     Vector 

 

A 1:1 molar ratio of insert to vector was found to be suitable for most purposes. For 

very small (<100 bp) inserts, both 1:1 and 3:1 ratios were tested. A vector only 

control (no insert) was used to check for re-ligation of the vector alone. 



 62 

Ligation reactions were set up as follows: 

1 μl Ligase buffer (10X) 

100 ng Vector 

x ng Insert 

1 μl T4 DNA Ligase 

Nuclease-free water to 10 μl 

 

Reactions were incubated overnight at 4°C, following which 5 μl was transformed 

into competent DH5α cells and streaked out on LB-Agar plates containing selective 

antibiotics if required. Single colonies were picked and starter cultures grown. After 

plasmid DNA isolation using the Qiagen Mini-prep Kit, a PCR was carried out using 

the extracted plasmid DNA as template, and the same primers/reaction conditions as 

in step (I) to check for the presence of the insert in the selected clones. Positive 

clones were sequenced to verify that the insert was cloned in frame with tags on the 

vector (if present), and had no mutations.  

 

Occasionally, when the vector was sticky and re-ligated readily even in the absence 

of the insert, the double-digested vector was dephosphorylated at the 5’ end 

immediately after RE digestion (before gel extraction) as outlined below. 

 

Dephosphorylation of 5’ ends 

Reactions were set up as follows: 

5 μl 10X CIAP buffer (Calf Intestinal Alkaline Phosphatase, Promega) 

0.5 U CIAP / pmol of 5’ ends 

30 μl double-digested vector (3-4 μg; see above) 

Nuclease-free water to 50 μl 

 

Pmol of 5’ ends were calculated using the formula: 

 
pmol of 5’ ends = Amount of DNAμg    x   3.04 

                                 Plasmid sizekb 

                                                 
 1 μg of 1000 bp DNA = 1.52 pmol DNA = 3.04 pmol of ends 
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The reaction mix was incubated at 37°C for 15 min followed by a 15 min incubation 

at 56°C. A further 0.5 U CIAP per pmol of 5’ ends was added and the above 

incubations repeated. EDTA (pH 8; 2 μl of 0.5 M) was added and the mix incubated 

at 65°C for 20 min. The entire dephosphorylated DNA mix was loaded onto a 1% 

agarose gel and a single band corresponding to the dephosphorylated double-digested 

vector (viewed under UV) was cut out and purified using the Qiagen Gel Extraction 

Kit according to the manufacturer’s instructions. Purified DNA was eluted in 30 μl 

nuclease-free water. This DNA was then used to set up a ligation reaction with 

double-digested insert as described above.  

 

 

2.3.4.2 Site-directed mutagenesis 

 

Site-directed mutagenesis was carried out using the QuikChange Kit (Stratagene) 

essentially according to the manufacturer’s instructions. Primers used for site-

directed mutagenesis are detailed in Table 2.4.  

 

Mutation 
Vector 

backbone 
Tag encoded by 

the vector 

Primers (5’-3’) 
[nucleotides mutated in 

red] 

DNA 
Template 
(for PCR) 

 
Codon 

optimised 
IRF-1 Δenh 

 
 
 
 
 
 
 
 

Hsp70 ΔC 
 
 
 
 
 
 
 
 
 

 
Gateway 
pDEST15 

 
 
 
 
 
 
 
 
 

pCMV-SBP-
EF1 (FRT-
6W-DEST) 

 
 
 
 
 
 
 

 
N-terminal GST 

 
 
 
 
 
 
 
 
 
 

N-terminal SBP 
 
 
 
 
 
 
 
 
 

 
Forward: 
GGATGGCAAAGGCT
AGCTGCTGAATGAAC
CGGG 
 
Reverse: 
CCCGGTTCATTCAGC
AGCTAGCCTTTGCCA
TCC 
 
 
Forward: 
CCCAAGGGAGGGTCT
GGGTAGCAGGCCCTA
CCATTGAGG 
 
Reverse: 
CCTCAATGGTAGGGC
CTGCTACCCAGACCC
TCCCTTGGG 
 

 
pDEST15-

IRF-1 
(codon 

optimised) 
 
 
 
 
 
 
 

pCMV-
SBP-EF1-
Hsp70 wt 
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CHIP K30A 

 
 
 
 
 
 
 
 
 
 

CHIP 
H260Q 

 
pcDNA3  

 
 

pET15bmod 
 
 
 

pcDNA3.1/M
yc-His 

 
 

pcDNA3  
 
 

pET15bmod 
 

 
Untagged 

 
 

N-terminal  
6x His 

 
 

C-terminal  
6x His / Myc 

 
 

Untagged 
 
 

N-terminal  
6x His 

 

 
Forward: 
CGAGCGCGCAGGAG
CTCGCGGAGCAGGGC
AATCG 
 
Reverse: 
CGATTGCCCTGCTCC
GCGAGCTCCTGCGCG
CTCG 
 
 
Forward: 
GGACATCGAGGAGC
AGCTGCAGCGTGTGG
G 
 
Reverse: 
CCCACACGCTGCAGC
TGCTCCTCGATGTCC 
 

 
pcDNA3-
CHIP wt 

 
pET15bmo
d-CHIP wt 

 
pcDNA3.1/

Myc-His  
-CHIP wt 

 
 

pcDNA3-
CHIP wt 

 
pET15bmo
d-CHIP wt 

 

 

Table 2.4. Site-directed mutagenesis primers 

    

   

PCR reactions for site-directed mutagenesis were set up as follows: 

12.5 μl 2X Pfu Master Mix 

2.5 μl Band Doctor (supplied with Pfu Master Mix) 

50 ng Plasmid DNA template 

0.13 μl Forward Primer (100 μM stock) 

0.13 μl Reverse Primer (100 μM stock) 

Nuclease-free water to 25 μl 

 

Thermal cycling conditions were: 

95°C for 1 min 

95°C for 50 sec 

55°C for 1 min 

68°C for 12 min 

Repeat steps 2-4 for 15 cycles 

68°C for 30 min 

Hold at 4°C forever 
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Post thermal cycling, 1 μl DpnI (5U/μl, Invitrogen; add supplied buffer to 1X final 

concentration) was added and the reaction mix incubated at 37°C for 90 min. The 

DpnI was inactivated by heating at 65°C for 10 min. 

 

5 μl of the DpnI digested product was transformed into competent DH5α cells and 

streaked out on LB-Agar plates containing selective antibiotics if required. Single 

colonies were picked and starter cultures grown. Finally, plasmid DNA was isolated 

using the Qiagen Mini-prep Kit and sequenced prior to use. 

 

 

2.3.4.3 Gateway cloning 

 

For cloning into Invitrogen’s Gateway system, the manufacturer’s instructions were 

essentially followed. Primers used for Gateway cloning were designed according to 

the manufacturer’s recommendations and are listed in Table 2.5. 

 

  

Gene to 
be cloned 

Destination 
Vector 

Tag 
(Coli/Mammalian 

Expression) 
Primers (5’-3’) 

DNA 
Template 
(for PCR) 

 
IRF-1 wt 

 
 
 
 
 
 
 
 
 
 
 
 

Codon 
optimised 

IRF-1 

 
pDEST26 

 
 
 
 
 
 
 
 
 
 
 
 

pDEST15 

 
N-terminal 6x His 

(Mammalian) 
 
 
 
 
 
 
 
 
 
 
 

N-terminal GST 
(E.coli) 

 

 
Forward: 
GGGGACAAGTTTG
TACAAAAAAGCAG
GCTTCCCCATCACT
CGGATGCGCATG 
 
Reverse: 
GGGGACCACTTTGT
ACAAGAAAGCTGG
GTCCTACGGTGCAC
AGGGAATGGC 
  
 
Forward: 
GGGGACAAGTTTG
TACAAAAAAGCAG
GCTTCCCGATTACC
CGTATGCGTATG 
 

 
pcDNA3-
IRF-1 wt 

 
 
 
 
 
 
 
 
 
 
 

pUC57-
Codon 

optimised 
IRF-1 

(GenScript)
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Reverse: 
GGGGACCACTTTGT
ACAAGAAAGCTGG
GTCTTACGGCGCGC
ACGGAATCGC 
 

 

Table 2.5. Primers used for Gateway cloning 

    Key: Blue = attB1 (forward primer) or attB2 (reverse primer) site 
Red = Poly G required for recombination of attB 
Black = IRF-1 wt sequence 
Green = nucleotide insert to maintain correct reading frame 

  Pink = codon optimised IRF-1 sequence 
 

 

The protocol for Gateway cloning is outlined below, and is split into 3 steps: (I) 

Generation of insert flanked by attB recombination sites, (II) Generation of entry 

clone (BP reaction), and (III) Generation of destination clone (LR reaction). 

 

(I) Generation of insert flanked by attB recombination sites using PCR 

PCR reactions were set up as follows: 

25 μl 2X Pfu Master Mix 

5 μl Band Doctor (supplied with Pfu Master Mix) 

100 ng Template DNA 

0.25 μl Forward Primer (100 μM stock) 

0.25 μl Reverse Primer (100 μM stock) 

Nuclease-free water to 50 μl  

 

Thermal cycling conditions were as detailed below. A slightly higher annealing 

temperature (62°C rather than 55-58°C) was used owing to the high melting 

temperature of Gateway primers given their length (45-50 bases as against 20-25 for 

most ordinary primers). 

 

95°C for 5 min 

95°C for 30 sec 
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62°C for 40 sec 

72°C for 2 min 

Repeat steps 2-4 for 30 cycles 

72°C for 5 min 

Hold at 4°C forever 

 

Post PCR, amplified DNA was cleaned up using the Qiagen PCR Clean-up Kit, and 

eluted in 30 μl nuclease-free water. 2 μl of the eluate (‘insert’) was loaded on a 1% 

agarose gel to check for adequate amplification. 

 

(II) Generation of Entry clone by BP reaction 

The PCR product was inserted into the pDONR-221 vector to generate an ‘Entry 

clone’ as follows (BP reaction): 

150 ng PCR product (1-2 μl) 

150 ng pDONR-221 

2 μl BP clonase mix 

TE Buffer (pH 8) to 10 μl 

 

Reactions were incubated overnight at 25°C, after which 1 μl Proteinase K 

(Invitrogen) was added and the reactions incubated further at 37°C for 10 min. 5 μl 

of the reaction mix was transformed into competent DH5α cells and streaked out on 

LB-Agar plates containing kanamycin. Single colonies were picked, starter cultures 

grown, and plasmid DNA isolated using the Qiagen Mini-prep Kit. 

 

(III) Generation of Destination clone by LR reaction 

The entry clone was recombined with the desired Gateway destination vector to 

generate a destination clone as follows (LR reaction): 

150 ng Entry clone 

150 ng desired pDEST vector 

2 μl LR clonase mix 

TE Buffer (pH 8) to 10 μl  
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Reactions were incubated overnight at 25°C, after which 1 μl Proteinase K 

(Invitrogen) was added and the reactions incubated further at 37°C for 10 min. 5 μl 

of the reaction mix was transformed into competent DH5α cells and streaked out on 

LB-Agar plates containing ampicillin. Single colonies were picked, starter cultures 

grown, and plasmid DNA isolated using the Qiagen Mini-prep Kit. The isolated 

DNA was sequenced to verify that the desired gene had been inserted correctly and 

had no mutations.   

 

 

 

2.4 General biochemical techniques 

 

2.4.1 Protein quantification 

 

Protein concentration was estimated using the BCA Assay Kit (Pierce) or using 

Bradford’s reagent (Bio-Rad) as indicated, according to the manufacturer’s 

instructions. Absorbance (562 nm for BCA and 595 nm for Bradford’s) was 

measured using the Victor 3 plate reader (Perkin Elmer). 

 

 

2.4.2 SDS-PAGE 

 

       10% Separating Gel            12% Separating Gel  

Reagent             Final conc.   Reagent           Final conc. 

H2O              as required   H2O             as required 

30% acrylamide mix# 10%    30% acrylamide mix 12% 

1.5 M Tris (pH 8.8) 0.39 M    1.5 M Tris (pH 8.8) 0.39 M 

10% (w/v) SDS 0.1%    10% SDS  0.1% 

10% (w/v) APS 0.1%    10% APS  0.1% 

TEMED (v/v)  0.04%    TEMED (v/v)  0.04%  
  

# Acrylamide Mix (Protogel, National Diagnostics) consists of 30% (w/v) acrylamide 

and 0.8% (w/v) bis-acrylamide. 
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5% Stacking Gel        1X Running Buffer 

Reagent             Final conc.    192 mM Glycine 

H2O              as required    25 mM Tris 

30% acrylamide mix 5%     0.1% (w/v) SDS 

1 M Tris (pH 6.8) 0.13 M 

10% (w/v) SDS 0.1% 

10% (w/v) APS 0.1%  

TEMED (v/v)  0.1%  

 

Polyacrylamide gels were prepared using the recipes listed above as described by 

Laemmli [235] using the Bio-Rad Mini-Protean kit. The separating gel was poured 

first, and overlaid with water. The purpose of adding the water is two-fold: on the 

one hand, it evens out the upper surface of the separating gel as the water now forms 

the meniscus instead of the gel. The water overlay also cuts off the oxygen supply, 

thereby allowing the acrylamide to polymerise evenly. After polymerisation of the 

separating gel, the overlay was removed, and the stacking gel cast. Prior to loading, 

samples were mixed with an equal volume of 2X sample buffer or with 5X sample 

buffer at a 4:1 ratio of sample to buffer. The mix was then heated at 85ºC for 3 

minutes, and subsequently loaded onto the gel. Pre-stained protein standards 

(Fermentas) were loaded as size markers. Gels were run at 150 V for approximately 

1 h in 1X running buffer, until the dye front reached the bottom of the gel. 

 

2X Sample Buffer    5X Sample Buffer 

300 mM Tris (pH 6.8)    250 mM Tris (pH 6.8) 

5% (w/v) SDS     12.5% (w/v) SDS 

25% (v/v) glycerol    40% (v/v) glycerol 

400 mM DTT     1 M DTT 

A few grains of bromophenol blue  A few grains of bromophenol blue 

Mix, aliquot and store at -20°C  Mix, aliquot and store at -20°C 

 

Final concentrations when 2X sample buffer is mixed with sample at a 1:1 ratio are 

150 mM Tris, 2.5% SDS, 12.5% glycerol and 200 mM DTT, and when 5X sample 
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buffer is mixed with sample at a 1:4 ratio of buffer to sample are 50 mM Tris, 2.5% 

SDS, 8% glycerol and 200 mM DTT. 

 

 

2.4.3 Coomassie staining of SDS-PAGE gels 

 

Fix 

50% (v/v) methanol 

10% (v/v) glacial acetic acid 

 

Stain 

50% (v/v) methanol 

10% (v/v) glacial acetic acid 

0.2% (w/v) coomassie brilliant blue R-250 

 

Destain 

7.5% (v/v) methanol 

10% (v/v) glacial acetic acid 

 

To visualise proteins by Coomassie brilliant blue staining, SDS-PAGE gels were 

fixed for 5-10 min at room temperature, and stained with coomassie blue stain for 

20-30 min. Stained gels were then destained as required (from 30 min to overnight), 

washed in water and dried using a heated vacuum gel dryer (Gel Master Model 1426, 

Welch Rietschle Thomas). 

 

 

2.4.4 Western blotting 

 

1X Transfer Buffer 

192 mM Glycine 

25 mM Tris 

20% (v/v) methanol 
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Proteins separated by SDS-PAGE were transferred onto 0.2 μm nitrocellulose 

membranes (Protran, Schleicher & Schuell Biosciences) using Bio-Rad transfer 

apparatus. The transfer was carried out in tanks containing agitated transfer buffer 

and an ice pack to prevent over-heating at 120 V for 1 h or 15 V overnight.  

 

Post transfer, membranes were rinsed in phosphate-buffered saline (PBS) containing 

0.1% (v/v) Tween-20 (PBST) three times (5-6 min each). The membrane was then 

blocked using blocking solution [5% (w/v) semi-skimmed milk powder (Marvel) in 

PBST] for 1 h, and was subsequently incubated with the primary antibody in 

blocking solution for 1 h at room temperature or overnight at 4ºC. The membrane 

was then washed as above and incubated with horse radish peroxidase (HRP) 

conjugated secondary antibody [Dako Cytomation; used at 1:2000 dilution in 

blocking solution] for 1 h at room temperature. The membrane was again rinsed 

three times with PBST and antibody signal detected using enhanced 

chemiluminescence (ECL) reagent. Blots were overlaid with a mixture of ECL 

solutions I and II at a 1:1 ratio (mixed immediately prior to use) for 2 min, blotted 

dry, exposed to Hyperfilm ECL (Amersham) or X-Ray film (SLS) for the required 

period of time, and then developed using a Konica Medical Film Processor (Model 

SRX-101A). 

 

ECL Solution I      

100 mM Tris (pH 8.5)      

2.5 mM Luminol      

0.4 mM p-Coumaric acid 

 

ECL Solution II 

100 mM Tris (pH 8.5) 

0.02% (v/v) H2O2 

 

 

The primary antibodies used in this thesis, together with the working dilution and 

clone (if known) are listed in Table 2.6. 
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Antibody to Type 
Clone / 
Name 

Supplier / 
Reference 

Dilution 

 
Calreticulin 

 
CHIP / 
STUB1 

 
 
 
 

DnaK 
 

dsRed (Living 
Colours A.v.) 

 
GAPDH 

 
 

GFP (Living 
Colours A.v.) 

 
GST 

 
His tag 

 
Histone H3 

 
Hp1α 

 
Hsp40 / Hdj1 

 
Hsp70 

 
 

Hsc70 
 

Hsp/c70 
 
 

Hsp90 
 
 

Hsp90α 
 
 

Hsp90β 
 

 
Rabbit Polyclonal 

 
Rabbit Polyclonal 

Mouse Monoclonal 
 

Mouse Monoclonal 
 
 

Mouse Monoclonal 
 

Mouse Monoclonal 
Rabbit Polyclonal 

 
Mouse Monoclonal 

Goat Polyclonal 
 

Mouse Monoclonal 
Rabbit Polyclonal 

 
Mouse Monoclonal 

 
Mouse Monoclonal 

 
Rabbit Monoclonal  

 
Mouse Monoclonal 

 
Rabbit Polyclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 

 
Rabbit Polyclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 

 
Rabbit Polyclonal 
Rat Monoclonal 

 
Mouse Monoclonal 

 

 
- 
 

2917 
v3.1 

 
v6.1 

 
 

SPA-880 
 
- 
- 
 

9484 
9483 

 
JL-8 

- 
 

GST-2 
 
- 
 

3H1 
 

15.19s2 
 

SPA-400 
 

SPA-810 
SPA-812 

 
SPA-816 

 
SPA-822 
SPA-757 

 
SPA-830 
SPA-846 

 
SPS-771 
SPA-840 

 
SPA-842 

 

 
Cell Signalling 

 
Abcam 

Gift from 
B.Vojtesek 
Gift from 

B.Vojtesek 
 

Stressgen 
 

Clontech 
Clontech 

 
Abcam 
Abcam 

 
Clontech 
Clontech 

 
Sigma 

 
Novagen 

 
Cell Signalling 

 
Millipore 

 
Stressgen 

 
Stressgen 
Stressgen 

 
Stressgen 

 
Stressgen 
Stressgen 

 
Stressgen 
Stressgen 

 
Stressgen 
Stressgen 

 
Stressgen 

 

 
1:1000 

 
1:1000 
1:30 

 
1:30 

 
 

1:10000 
 

1:500 
1:1000 

 
1:3000 
1:1000 

 
1:1000 
1:1000 

 
1:1000 

 
1:1000 

 
1:1000 

 
1:1000 

 
1:1000 

 
1:1000 
1:1000 

 
1:2000 

 
1:1000 
1:2000 

 
1:1000 
1:2000 

 
1:1000 
1:1000 

 
1:1000 
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IRF-1 

 
 
 
 
 

Kap-1 
 

Myc tag 
 
 

NPM / B23 
 
 

Nucleolin / 
C23 

 
p53 

 
 

Vimentin 
 

YB1 
 

 
Mouse Monoclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 
Rabbit Polyclonal 

 
Rabbit Polyclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 

 
Mouse Monoclonal 
Rabbit Polyclonal 

 
Rabbit Polyclonal 

 
 

Mouse Monoclonal 
 
 

Mouse Monoclonal 
 

Rabbit Polyclonal 

 
20/IRF-1 

 
IRF1C6 

- 
C-20 

 
- 
 
- 
- 
 

FC-61991 
- 
 

16940 
 
 

DO-1 
 
 

VIM 13.2 
 

12148 

 
BD 

 
Genway 

Cell Signalling 
Santa Cruz 

 
Bethyl 

 
CR UK 
Sigma 

 
Zymed 

Cell Signalling 
 

Abcam 
 
 

Gift from 
B.Vojtesek 

 
Sigma 

 
Abcam 

 
1:500-
1:2000 
1:1000 
1:1000 
1:500 

 
1:1000 

 
1:300 
1:1000 

 
1:3000 
1:1000 

 
1:4000 

 
 

1:2000 
 
 

1:2000 
 

1:1000 
 

 

Table 2.6. Primary Antibodies 

 

 

 

2.4.5 Stripping nitrocellulose blots 

 

Stripping Buffer 

62.5 mM Tris (pH 6.8) 

2% (w/v) SDS 

0.6% (v/v) β-mercaptoethanol 

 

To strip antibodies off nitrocellulose membranes so that other antibodies could be 

subsequently added, the membranes were incubated with stripping buffer for 30 min 

at 50°C with gentle agitation. Blots were then rinsed thoroughly with PBST, blocked 

in 5% milk/PBST for 1 h and incubated with alternative antibodies as required. 
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2.5 Cell culture 

 

All tissue culture disposables such as culture plates, flasks and pipettes were from 

TPP or Greiner-Cellstar unless otherwise indicated. 

 

 

2.5.1 Cell lines 

 

Cells were incubated at the recommended temperature and humidity in incubators 

supplied by Hera. Table 2.7 lists the cell lines used in this thesis, their origins, 

optimum growth conditions and culture media. Media and supplements were stored 

at 4ºC and heated to 37ºC in a water bath prior to use. 

 

Cell line Origin 
Growth 

conditions 
Culture 
Media 

Media 
supplements 

 
H1299 

 
 
 

A375 

 
Human (non-small 

cell lung 
carcinoma) 

 
Human (malignant 

melanoma) 
 

 
5% CO2, 37ºC 

 
 
 

10% CO2, 37ºC 

 
RPMI-1640 

 
 
 

DMEM 

 
10% (v/v) FBS, 

1% (v/v) P/S 
 
 

10% (v/v) FBS, 
1% (v/v) P/S 

 

Table 2.7. Cell lines and culture media 

Key: RPMI: Roswell Park Memorial Institute (Gibco) 
                   DMEM: Dulbecco’s Minimal Essential Medium (Gibco) 

        FBS: Fetal Bovine Serum (Autogen Bioclear) 
                   P/S: Penicillin/Streptomycin mix (Invitrogen)  

 

 

2.5.2 Sub-culturing of cells 

 

Cells were sub-cultured at approximately 100% confluence (2-3 times a week, as 

required) into sterile tissue culture plates at a 1:10 dilution in fresh medium. In brief, 

the medium was discarded and the cells were rinsed in sterile PBS. Trypsin-EDTA 

(Invitrogen) was added (2 ml for a 10 ml culture dish) and the cells were incubated at 
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37°C for 5 minutes. Fresh culture medium (8 ml for a 10 ml culture dish) was added 

to deactivate the trypsin-EDTA, the cells were mixed by pipetting, and the required 

volume (1 ml for a 1:10 dilution) was plated onto a new culture dish containing pre-

warmed fresh medium.  

 

 

2.5.3 Freezing and thawing cells 

  

Freezing Medium 

50% (v/v) FBS 

10% (v/v) DMSO 

40% (v/v) culture medium 

  

Prior to freezing, cells were grown in 10 cm culture dishes and trypsinised as above 

at 90-95% confluence. Trypsinised cells were collected by centrifugation (200 g, 3 

min, room temperature) and the cell pellet resuspended in 3 ml freezing medium. The 

resuspended cells were then transferred to cryotubes (Nunc; 1 ml per tube) and 

frozen gradually in a Nalgene cryo-freezing container overnight. The frozen cells 

were then transferred to liquid nitrogen for long-term storage. 

   

Frozen cells were recovered by warming to 37ºC and transferring into a sterile 

culture dish containing fresh pre-warmed medium. The medium was replaced with 

fresh medium the following day. 

 

 

2.5.4 Transient transfection of DNA and siRNA 

  

Cells were transfected at approximately 70-80% confluence using Attractene 

(Qiagen) according to the manufacturer’s instructions and harvested 24 h post 

transfection. Within an experiment, DNA levels between samples were normalised 

using empty vector. For transfection of siRNA (Dharmacon) into cells in 6 well 

plates, Dharmafect (Dharmacon) was used according to the manufacturer’s 

instructions. In brief, 50 nmol siRNA was diluted to 150 μl with serum and antibiotic 
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free medium. In parallel, 3 μl Dharmafect was added to 147 μl serum and antibiotic 

free medium in a separate tube and incubated for 5 min at room temperature. The 

diluted siRNA and Dharmafect were then mixed (300 μl total volume) and incubated 

for 20 min at room temperature. During the incubation, the cells (at approximately 

60% confluence) were rinsed in PBS and fresh medium containing serum but no 

antibiotic (700 μl) was added to each well. Following the incubation, the 300 μl 

siRNA mix was gently added to the cells, and the cells were incubated at 37°C for 

24-72 h (as required) prior to harvesting. 

 

 

2.5.5 Harvesting cells 

 

At the time of harvesting the cells were placed on ice, following which the medium 

was discarded. The cells were rinsed with ice-cold PBS (1 ml/well for a 6-well plate 

and 10 ml for a 10 cm plate) and then harvested in a further 1 ml ice-cold PBS using 

a cell scraper. In some cases, cells in 10 cm plates were scraped directly into 1 ml 

lysis buffer (see below). Harvested cells were transferred to a microfuge tube and 

centrifuged at 2500 g for 5 min at 4ºC. The supernatant was discarded, and the cell 

pellet was either snap-frozen in liquid nitrogen (and then stored at -80ºC) or 

immediately lysed using the appropriate lysis buffer. 

 

 

2.5.6 Mammalian cell lysis 

 

Approximately two volumes (with respect to the size of the cell pellet) of lysis buffer 

were added to the harvested cell pellet. Alternately, adherent cells were rinsed in ice-

cold PBS and scraped directly into lysis buffer (1 ml per 10 cm plate). Samples were 

vortexed briefly, incubated on ice for 20 min, and then centrifuged at 16000 g for 15 

min at 4ºC. The supernatant (lysate) was transferred to a fresh tube, snap-frozen in 

liquid nitrogen and stored at -80º (or at -20ºC after addition of sample buffer). 
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The recipes for the lysis buffers used commonly in this thesis are detailed below: 

 

0.1% Triton Lysis Buffer    

50 mM HEPES (pH 7.5)     

0.1% (v/v) Triton X-100    

150 mM NaCl      

10 mM NaF      

2 mM DTT      

0.1 mM EDTA      

1X protease inhibitor mix (see below)     

 

0.2% Triton Lysis Buffer 

As above but with 0.2% (v/v) Triton X-100 

 

1% NP40 Lysis Buffer 

25 mM HEPES (pH 7.5) 

1% (v/v) NP40 

150 mM KCl 

50 mM NaF 

5 mM DTT 

1X protease inhibitor mix  

 

Protease Inhibitor Mix (10X stock) 

200 μg/ml leupeptin 

10 μg/ml aprotinin 

20 μg/ml pepstatin 

10 mM benzamidine 

100 μg/ml soybean trypsin inhibitor 

20 mM pefabloc 

10 mM EDTA 
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2.5.7 Drug treatments 

 

For the experiments described in this thesis, cells were treated with various drugs and 

chemicals prior to lysis. Table 2.8 summarises the drugs used, the concentration and 

duration of treatment and the principal effects of the drug. The actual use of each 

drug in a particular experiment is described in the relevant section where it is used.  

 

Drug 
Function  

(with respect to its use in 
this thesis) 

Concentration 
used at  

(in cell culture 
medium) 

Time  
(duration of 
treatment) 

 
MG-132 

 
 
 
 

17AAG 
 
 
 
 

Radicicol 
 
 
 
 

Cycloheximide 
 
 
 
 
 

ZnCl2 
 
 
 
 
 
 

Poly(I:C) 
 
 
 
 

 
Inhibits the 26S proteasome 
by binding reversibly to the 
N-terminal Thr residue of 
the β1 subunit [236] 
 
Inhibits Hsp90 by binding to 
the ATP-binding site and 
blocking Hsp90 ATPase 
activity [237] 
 
Inhibits Hsp90 by binding to 
the ATP-binding site and 
blocking Hsp90 ATPase 
activity [238] 
 
Inhibits protein synthesis by 
binding to cytoplasmic 
(80S) ribosomes and 
blocking translational 
elongation [239] 
 
Source of Zn2+ ions; induces 
the heavy metal stress 
response by activating the 
metal-responsive 
transcription factor MTF1 
[240] 
 
Viral dsRNA mimetic; binds 
to TLR3 and increases 
steady-state levels of IRF-1 
mRNA and protein [47] 
 

 
20-50 μM  

(as indicated) 
 
 
 

1-2 μM  
(as indicated) 

 
 
 

1-10 μM  
(as indicated) 

 
 
 

30 μg/ml 
 
 
 
 
 

1 mM 
 
 
 
 
 
 

50 μg/ml 
 
 
 
 

 
4 h 

 
 
 
 

12 - 24 h  
(as indicated) 

 
 
 

18 - 24 h  
(as indicated) 

 
 
 

As indicated 
 
 
 
 
 

90 min 
 
 
 
 
 
 

4-6 h 
(as indicated) 
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Etoposide 

 
 
 
 
 
 
 
 

IFNβ 
 
 
 

IFNγ 

 
DNA damage mimetic; 
inhibits DNA Topo-
isomerase II causing an 
accumulation of single and 
double-strand DNA breaks; 
increases IRF-1 mRNA and 
protein levels and half-life 
[226, 241] 
 
Cytokine; increases IRF-1 
mRNA and protein levels 
[47, 242] 
 
Cytokine; increases IRF-1 
mRNA and protein levels 
[243] 
 

 
10 μM 

 
 
 
 
 
 
 
 

1000 U/ml 
 
 
 

100 U/ml 

 
4 h 

 
 
 
 
 
 
 
 

4 h 
 
 
 

4 h 
 
 

 

Table 2.8. Drugs: Principal effects and working concentrations 

 

 

 

2.6 Protein expression and purification 

 

2.6.1 Protein expression and purification from E.coli 

 

Bacterial expression plasmids containing the required gene insert were transformed 

into either BL21-AI or BL21-DE3 cells as required and streaked onto LB-Agar plates. 

A single colony was picked from the LB-Agar plate, inoculated into 50 ml LB 

(containing selective antibiotic if required) and incubated overnight in an incubator-

shaker at 37°C, 220 rpm. The following day, the 50 ml culture was diluted to 1 litre 

with fresh LB (containing selective antibiotic if required) and incubated at 37°C until 

the OD600nm was 0.4 (mid-Log phase; takes approximately 45 min). At this stage the 

inducing agent (0.5 mM IPTG or 0.2% L-arabinose as required – choice of inducing 

agent depends on E.coli cells used and vector backbone) was added and the cultures 

incubated for 2-3 h in an incubator-shaker at room temperature. Following induction, 



 80 

the cells were centrifuged at 6000 g for 20 min at 4°C and the supernatant was 

discarded. 

 

E.coli cells were lysed using one of the two lysis methods listed below. Gentle lysis 

gives a higher proportion of soluble protein compared to insoluble protein, but low 

total levels of protein. Mechanical lysis gives high amounts of total protein, but a 

significant proportion of this may be unfolded.  

 

 

2.6.1.1 Gentle E.coli Lysis 

 

The induced E.coli cell pellet was resuspended in 50 mM Tris (pH 8) + 10% sucrose 

(0.25 ml per pellet from 100 ml culture) gently by pipetting. 1 ml aliquots were 

made, snap-frozen in liquid nitrogen, and stored overnight at -80°C. The following 

day, the aliquots were thawed in an ice/water bath. To each 1 ml aliquot, the 

following were added: 250 μl of 1 M KCl, 2 μl of 1 M DTT (do not add DTT for 

His-purifications as this will reduce the Ni2+), 50 μl of 10 mg/ml lysozyme (made 

fresh), 1 μl of 1 M benzamidine and 1 μl of 0.4 M pefabloc. The tubes were gently 

mixed by inversion, incubated on ice for 30-60 min and centrifuged at 16000 g for 15 

min at 4°C. The supernatant (soluble fraction / lysate) was collected and pellet 

containing cell debris and inclusion bodies was discarded.  

 

 

2.6.1.2 Mechanical E.coli Lysis 

 

In this case, the induced E.coli cell pellet was directly snap-frozen in liquid nitrogen. 

The following day, the required lysis buffer (see below) was added (10-15 ml per 

pellet from 500 ml culture) and the cells resuspended by pipetting. Following a 30 

min incubation on ice, the cells were snap-frozen in liquid nitrogen and quickly 

thawed using a water bath at room temperature. The freeze-thaw cycle was repeated, 

after which the cells were sonicated briefly using a Soniprep 150 sonicator (Sanyo; 3 

x 15 sec at amplitude 5-10 microns with 15 sec incubations on ice in between). The 
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sonicated samples were centrifuged at 16000 g for 15 min at 4°C and the supernatant 

(lysate) was collected.  

 

His-purification Lysis Buffer 

20 mM Tris (pH 8) 

300 mM NaCl 

0.3% NP-40 

20 mM imidazole 

1 mg/ml lysozyme (fresh)  

1X protease inhibitor mix 

 

GST-purification Lysis Buffer 

20 mM Tris (pH 8) 

150 mM NaCl 

0.1% NP-40 

1 mg/ml lysozyme (fresh) 

2 mM DTT 

1X protease inhibitor mix 

 

 

2.6.1.3 Purification of His-tagged proteins 

 

E.coli lysate (containing no DTT) from a 500 ml culture was mixed with 1 ml (50% 

slurry) Ni2+-NTA agarose beads (Qiagen) washed 2X in Wash Buffer I and incubated 

for 1 h at 4°C on a rotating table. The mix was transferred to a 10 ml disposable 

column (MoBiTec) and allowed to empty by gravity, following which the beads were 

washed 2X with 5 ml Wash Buffer I, 2X with 5 ml Wash Buffer I + ATP and 3X 

with 5 ml Wash Buffer II. Next, 5 ml Elution Buffer was added to the beads and 

incubated for 30 min at 4°C on a rotating table. The eluate was collected, exchanged 

into Protein Buffer I using Zeba Desalt spin columns (Pierce) according to the 

manufacturer’s instructions and stored at -80°C. Alternately, glycerol was added to a 

final concentration of 50% and the purified protein stored at -20°C. If required, 
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proteins were concentrated using Amicon Ultra columns (Millipore) prior to the 

addition of glycerol.  

 

Wash Buffer I 

20 mM Tris (pH 8) 

300 mM NaCl 

0.3% NP-40 

20 mM imidazole 

2 mM benzamidine 

 

Wash Buffer I + ATP 

As above but with 10 mM MgCl2 and 5 mM ATP (pH 8) added 

 

Wash Buffer II 

Similar to Wash Buffer I, but with 40 mM imidazole 

 

Elution Buffer 

20 mM Tris (pH 8) 

150 mM NaCl 

300 mM imidazole 

 

Protein Buffer I 

20 mM Tris (pH 8) 

150 mM NaCl 

 

 

2.6.1.4 Purification of GST-tagged proteins 

 

E.coli lysate from a 500 ml culture was mixed with 1 ml (50% slurry) glutathione-

sepharose 4B beads (Amersham GE) washed 2X in Wash Buffer and incubated for 1 

h at 4°C on a rotating table. The mix was transferred to a 10 ml disposable column 

(MoBiTec) and allowed to empty by gravity, after which the beads were washed 2X 
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with 5 ml Wash Buffer, 2X with 5 ml Wash Buffer + ATP and 3X with Wash Buffer. 

Next, 5 ml Elution Buffer was added to the beads and incubated for 30 min at 4°C on 

a rotating table. The eluate was collected, exchanged into Protein Buffer II using 

Zeba Desalt spin columns (Pierce) according to the manufacturer’s instructions and 

stored at -80°C. Alternately, glycerol was added to a final concentration of 50% and 

the purified protein stored at -20°C. If required, proteins were concentrated using 

Amicon Ultra columns (Millipore) prior to the addition of glycerol. 

 

Wash Buffer 

20 mM Tris (pH 8) 

150 mM NaCl 

0.1% NP40 

2 mM DTT 

2 mM benzamidine 

 

Wash Buffer + ATP 

As above but with 10 mM MgCl2 and 5 mM ATP (pH 8) added 

 

Elution Buffer 

100 mM Tris (pH 8) 

120 mM NaCl 

40 mM reduced glutathione 

 

Protein Buffer II 

100 mM Tris (pH 8) 

120 mM NaCl 

 

 

2.6.1.5 Purification for SAXS analysis 

 

For SAXS (Small Angle X-Ray Scattering) analysis of His-CHIP, the following 

changes were made to the His-purification protocol: 
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 Gentle lysis method was used (no DTT) 

 No detergent was used during the entire purification 

 No benzamidine / protease inhibitors were added to the wash buffers 

 5% glycerol was added to the elution buffer 

 After elution, the purified protein was concentrated to >1 mg/ml using 

Amicon Ultra columns (Millipore) and exchanged into 20 mM Tris (pH 8), 

150 mM NaCl and 5% glycerol using Zeba Desalt Spin Columns (Pierce) 

 Purified protein was stored on ice / at 4°C and never frozen 

 

 

2.6.1.6 Removal of GST and His tags using thrombin 

 

The GST tag of GST-Kap1 and His tag of His-CHIP were cleaved with thrombin as 

both pGEX-4T1 and pET15b vectors have thrombin cleavage sites present between 

the tag and multiple cloning sites into which Kap1 and CHIP were inserted. 

 

For His-CHIP cleavage, thrombin-agarose was used as described below, while free 

thrombin not coupled to agarose was used to cleave the GST tag off GST-Kap1.  

 

 

Cleavage using thrombin-agarose (Sigma Thrombin CleanCleave kit) 

Prior to digestion with thrombin-agarose, the purified His-CHIP (at approximately 

2.5 mg/ml) was exchanged into a buffer containing 50 mM Tris (pH 8) and 10 mM 

CaCl2 using Zeba Desalt spin columns (Pierce) according to the manufacturer’s 

instructions. Thrombin-agarose (200 μl of 50% slurry) was rinsed twice in 500 μl 1X 

cleavage buffer (supplied) and then gently resuspended in 100 μl of 10X cleavage 

buffer (supplied). His-CHIP (2.5 mg) in Tris-CaCl2 was added to the beads and the 

volume made up to 1 ml with 50 mM Tris (pH 8) + 10 mM CaCl2 if required. The 

mix was incubated at room temperature for 2 h and then centrifuged at 500 g for 5 

min to pellet the thrombin-agarose beads. The supernatant containing cleaved protein 

and free His-tag was collected. To remove free His-tag (and uncleaved His-CHIP) 

from the cleaved protein prep, 0.25 ml (50% slurry) Ni2+-NTA agarose beads 



 85

(Qiagen) washed 2X in 50 mM Tris (pH 8) + 10 mM CaCl2 was added and incubated 

for 1 h at 4°C. The mix was centrifuged at 500 g for 5 min to pellet the beads, and 

the supernatant containing only cleaved protein was collected. If required, the protein 

was exchanged into a suitable buffer for storage such as 20 mM Tris (pH 8) + 150 

mM NaCl ± 5% glycerol, as required. Removal of the His-tag was confirmed by 

western blotting with anti-His mAb and anti-CHIP mAb, and the purity of the prep 

checked by coomassie staining.  

 

 

Cleavage using free thrombin (Amersham GE) 

For the removal of GST from GST-Kap1, thrombin digestion was performed on 

column. GST-Kap1 was purified as described above, but purified protein was not 

eluted off the column using reduced glutathione. Instead, a mixture of thrombin (80 

U) in 1 ml 1X PBS was added per ml of glutathione-sepharose 4B bed volume and 

incubated for 2 h at room temperature. The column was allowed to empty by gravity 

and the flow through containing cleaved Kap1 collected. The column was further 

washed with 1X PBS (1 ml per ml of glutathione-sepharose 4B bed volume) to 

collect any cleaved Kap1 still loosely bound to the beads and flow through collected. 

4 mM pefabloc was added to the cleaved Kap1 to deactivate the thrombin. If 

required, the GST (and undigested GST-Kap1) still bound to the column was eluted 

using reduced glutathione. Removal of the GST-tag was confirmed by western 

blotting with anti-GST mAb and anti-Kap1 pAb, and the purity of the prep checked 

by coomassie staining. 

 

 

 

2.6.2 Protein expression and purification using PURExpress In vitro Protein 

Synthesis Kit (aka PureSystem Classic II “J-kit”; NEB) 

 

To express protein in a cell-free environment, the PURExpress in vitro protein 

synthesis kit was used. All transcription/translation components in the kit are His-

tagged, allowing for a single-step purification of the synthesised protein by reverse 
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metal affinity chromatography. Template DNA containing a Shine-Dalgarno 

ribosome binding site (for bacterial expression) and a T7 promoter was used. 

Reactions were set up as follows: 

 

12.5 μl Solution A 

5 μl Solution B 

250 ng Template DNA (eg: pDEST14-IRF-1) 

20 U RNase Inhibitor 

Nuclease-free water to 25 μl 

 

Reactions were gently mixed and incubated at 37°C for 2 h. To stop the reaction, 

samples were placed on ice. 25 μl 300 mM NaCl + 20 mM MgCl2 in nuclease-free 

water was added to the reactions and incubated with 25 μl Ni2+-NTA agarose beads 

(Qiagen; washed 2X in PBS) for 1 h at 4°C. The mix was transferred to a Micro bio-

spin disposable column (Bio-Rad) and centrifuged at 1500 g for 1 min at 4°C. The 

flow through containing purified protein (eg: IRF-1) was collected and analysed by 

western blotting and coomassie staining.  

 

 

2.6.3 Protein expression and purification from TNT-coupled reticulocyte lysate 

systems (Promega) 

 

His/Myc-CHIP wt and mutants (ΔTPR, Δ± and ΔU-box) were expressed using the 

TNT Coupled Reticulocyte Lysate System (Promega) according to the 

manufacturer’s instructions and then purified from a 50 µl reaction as follows: 

 

The 50 µl reaction was mixed with 50 µl Binding Buffer 1 and 20 µl Ni2+-NTA 

agarose beads (Qiagen; washed 3X in PBS prior to use) for 1 h at 4°C on a rotating 

table (final imidazole concentration 20 mM). The samples were centrifuged at 500 g 

for 3 min at 4°C to pellet the beads, and the supernatant discarded. Beads were 

washed 2X with 200 µl Wash Buffer 1, 2X with 200 µl Wash Buffer 2 + ATP and 

2X with 200 µl Wash Buffer 2. For each wash, samples were mixed gently by 
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inversion for 5 sec and then centrifuged to pellet the beads as above. Supernatant was 

discarded. After the final wash, bounds proteins were eluted by incubating with 50 µl 

Elution Buffer for 30 min at 4°C on a rotating table. Samples were spun as above, 

eluate collected and analysed by SDS-PAGE/immunoblot. 

 

Alternately, to study IRF-1 binding to the CHIP domains, 5 µl purified untagged 

IRF-1 (see section 2.6.2; 5 µl was used as it is sufficient for detection on a western 

blot) diluted to 50 µl with Binding Buffer 2 was added to the purified His-CHIP 

proteins immobilised on the Ni2+ beads, and incubated for 1 h at 4°C on a rotating 

table. Samples were centrifuged as above and the supernatant discarded. Next, the 

beads were washed 4X in 200 µl Wash Buffer 3 and 2X with 200 µl Wash Buffer 4. 

After the final wash, bounds proteins were eluted as described above, and eluate 

analysed by SDS-PAGE/immunoblot. 

 

Binding Buffer 1 

40 mM Tris (pH 8) 

300 mM NaCl 

0.3% NP-40 

40 mM imidazole 

2X protease inhibitor mix 

 

Wash Buffer 1 

20 mM Tris (pH 8) 

300 mM NaCl 

0.3% NP-40 

20 mM imidazole 

 

Wash Buffer 2 

As wash buffer 1 but with 40 mM imidazole 

 

Wash Buffer 2 + ATP 

As wash buffer 2 but supplemented with 5 mM ATP (pH 8) and 10 mM MgCl2 
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Binding Buffer 2 

20 mM Tris (pH 8) 

150 mM NaCl 

1X protease inhibitor mix 

 

Wash Buffer 3 

20 mM Tris (pH 8) 

150 mM NaCl 

0.2% Triton X-100 

 

Wash Buffer 4 

As wash buffer 3 but with no detergent 

 

Elution Buffer 

20 mM Tris (pH 8) 

150 mM NaCl 

300 mM imidazole 

 

 

2.7 Other assays 

 

2.7.1 Peptide affinity chromatography (Peptide pulldown) 

  

A375 cells were grown in 10 cm dishes as required and lysed in 1 ml 0.1% Triton 

(v/v) lysis buffer as described in section 2.5.6. If required, the cells were treated prior 

to lysis as follows: 50 µg/ml Poly(I:C) for 6 hours; IFNβ (1000 U/ml), IFNγ (100 

U/ml) or etoposide (10 µM) for 4 hours. The cell lysate was collected and treated 

with avidin (Sigma) at 20 µg/ml for 30 min on ice followed by centrifugation at 

16000 g for 5 min at 4°C. The supernatant was collected (note: pellet may not be 

clearly visible) and was pre-cleared using sepharose-4B beads (Sigma; 200 μl of 50% 

slurry per lysate from 10 cm plate; beads were washed 3X in PBS prior to use) for 1 

h at 4°C with gentle shaking. Samples were centrifuged at 500 g for 3 min at 4°C to 
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pellet the beads, supernatant (avidin-treated pre-cleared lysate) was collected and 

total protein levels quantified using Bradford’s assay. 

 

In parallel, peptide affinity columns were prepared using Mobicol column jackets 

(MoBiTec) fitted with 35 μm pore-size lower filters and Luer-lock caps as follows: 

100 μl of streptavidin-agarose beads (Invitrogen; 50% slurry) was added to each 

empty column jacket and washed 3X with 600 μl PBS. After washing, the column 

outlet was sealed using the supplied plug and enough biotinylated peptide to saturate 

the streptavidin-agarose (about 2 μl of 5 mg/ml stock of peptide) in 200 μl PBS was 

added and incubated with the beads for 1 h at room temperature on a rotating table. 

The outlet plug on the column was opened, the column allowed to empty by gravity, 

and then washed 3X with 600 μl PBS (or Buffer W) to remove any unbound peptide.  

 

The column was sealed again using the supplied plug and avidin-treated pre-cleared 

lysate prepared as described above was then added to the peptide column (0.5 mg per 

column; if required the total volume was made up to at least 200 μl with 0.1% Triton 

lysis buffer to aid in mixing) and incubated with the resin for 1 h at room 

temperature on a rotating table. Once again, the outlet plug on the column was 

opened, the column allowed to empty by gravity, and then washed 4X with 600 μl 

PBS supplemented with 0.2% Triton X-100 (v/v), and 2X with 600 μl PBS alone (or 

Buffer W). Next, 200 μl PBS (or Buffer W) was added to the column and the resin 

emptied into a microfuge tube by dislodging the lower filter using micropipette tips. 

The tubes were centrifuged at 500 g for 3 min at room temperature to pellet the resin, 

and supernatant was discarded. Bound proteins were eluted by boiling in 50 μl LDS 

sample buffer (Invitrogen) supplemented with 100 mM DTT for 5 min at 85°C. 

Beads were pelleted by centrifuging at 500 g for 3 min at room temperature and the 

eluate transferred to a new tube and stored at -20°C.  

 

Buffer W 

100 mM Tris (pH 8.0) 

150 mM NaCl 

1 mM EDTA  
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Eluates (usually 25 μl) were run out on 4-12% NuPAGE gels (Invitrogen) and either 

stained with Colloidal Blue (Invitrogen) according to the manufacturer’s instructions, 

or transferred to nitrocellulose and immunoblotted as required. 

 

 

2.7.1.1 Peptide affinity chromatography for Mass Spectrometry 

When peptide pulldowns were performed for mass spectrometry (MS), care was 

taken to ensure no keratin was unnecessarily introduced. Buffers were prepared using 

2D electrophoresis grade chemicals (Amersham GE) in LC/MS grade water (Thermo 

Scientific) and the entire procedure performed under a laminar flow hood using 

sterile tubes and tips. Additionally, all buffers and stains were only opened under the 

laminar flow hood and were designated for MS use only.   

 

Eluates were run out on 4-12% NuPAGE gels as above (but under a laminar flow 

hood) and stained with Colloidal Blue. Bands were excised using a sharp, clean 

scalpel and transferred to 0.5 ml protein LoBind tubes (Eppendorf) containing 200-

500 μl LC/MS grade water. Samples were then sent at room temperature to the 

Fingerprints Proteomics Facility in Dundee or to our collaborators in the Masaryk 

Memorial Cancer Institute at the Czech Republic (Borivoj Vojtesek, Lenka 

Hernychova and Petr Halada) where it was analysed as described below.  

 

2D Electrophoresis 

For 2D electrophoresis, samples were eluted from the peptide columns with 50 μl of 

UP sample buffer containing 9 M urea, 4% CHAPS, 70 mM DTT, 2.5 μl ampholytes 

pH 8-10.5 (Sigma) and 40 mM Tris, rather than sample buffer. They were then 

incubated with mild shaking at room temperature for 20 min and centrifuged at 

16 000 g for 5 min. The supernatants were diluted (1:1, v/v) with RTS buffer 

containing 6 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, 50 mM DTT and 

0.01% CBB, loaded by in-gel rehydration onto polyacrylamide gel strips with a non-

linear immobilized pH gradient (IPG) from 3–10 (GE Healthcare) and separated 

according to their different pI values by isoelectric focusing (IEF). Following IEF, 

the IPG strips were treated in equilibration buffer containing 2% (w/v) SDS, 50 mM 
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Tris/HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, and 1% (w/v) DTT. This was 

immediately followed by a second equilibration of the strip in the same solution 

containing 4% (w/v) iodoacetamide in place of DTT. For the second dimension, the 

IPG strips were embedded onto 12% homogeneous SDS polyacrylamide gels. The 

proteins were visualized either by CBB or silver nitrate staining. 

 

Enzymatic In-Gel Digestion 

Stained protein bands were excised from the gel, washed with deionised water, cut 

into small pieces and destained with freshly prepared 200 mM NH4HCO3 (pH 7.8) in 

40% acetonitrile for 20 min at 30°C, followed by equilibration in 50 mM NH4HCO3 

(pH 7.8) in 5% acetonitrile for 30 min at 30°C. The supernatant was removed and the 

gel was dried in a SpeedVac concentrator. Next, the samples were reduced by the 

addition of 10 mM DTT for 1 h at 60°C, followed by alkylation with 20 mM 

iodoacetamide in the dark for 45 min at RT. The supernatant was removed and the 

gel pieces were washed 3X with equilibration buffer and acetonitrile. After vacuum 

drying, the gel pieces were rehydrated in a cleavage buffer containing equilibration 

buffer and trypsin (40 ng/μl; Promega) for 20 min at 4°C. Finally, 15–60 μl of 

equilibration buffer was added to cover the gel. The samples were incubated for 18 h 

at 37°C. The digestion was stopped by addition of 5% TFA in acetonitrile and the 

aliquot of resulting peptide mixture was desalted using a GELoader microcolumn 

(Eppendorf) packed with a Poros Oligo R3 material [244]. The purified and 

concentrated peptides were eluted from the microcolumn in several droplets directly 

onto MALDI plates using 1 μl of α-cyano-4-hydroxy-cinnamic acid (CCA) matrix 

solution (5 mg/ml in 50% acetonitrile, 0.1% TFA). 

 

MALDI Mass Spectrometry 

Mass spectra were measured on an Ultraflex III MALDI-TOF/TOF instrument 

(Bruker Daltonics) equipped with a smartbeamTM solid state laser and LIFTTM 

technology for MS/MS analysis. Peptide mass fingerprinting (PMF) spectra were 

acquired in the positive reflectron mode, in the mass range of 700-4000 Da and 

calibrated internally using the monoisotopic [M + H]+ ions of trypsin autoproteolytic 

fragments (842.5 and 2211.1 Da). 
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For PMF database searching, peak lists in XLM data format were created using 

flexAnalysis software (Version 3.0, Bruker Daltonics) with SNAP peak detection 

algorithm. No smoothing was applied and maximal number of assigned peaks was 

set to 50. After peak labelling, all known contaminant signals were removed. The 

peak lists were searched using in-house MASCOT search engine against SwissProt 

2010_07 database subset of human proteins with the following search settings: 

peptide tolerance of 20 ppm, missed cleavage site value set to two, variable 

carbamidomethylation of cysteine, oxidation on methionine and protein N-terminal 

acetylation. No restrictions on protein molecular weight and pI value were applied. 

Proteins with MOWSE score over the threshold 56 calculated for the used settings 

were considered as identified. If the score was lower or only slightly higher than the 

threshold value, the identity of protein candidate was confirmed by MS/MS analysis. 

In addition to the above-mentioned MASCOT settings, fragment mass tolerance of 

0.6 Da and instrument type MALDI-TOF/TOF was applied for MS/MS spectra 

searching. 

 

 

2.7.2 Affinity chromatography using recombinant GST-IRF-1 

 

GST-tagged IRF-1, GST-AGR2 and GST alone were purified as described in section 

2.6.1.4 from 100 ml cultures (250 ml for IRF-1 since it expresses at much lower 

levels than AGR2 and GST alone) except that bound GST-proteins were not eluted 

from the glutathione-sepharose column. Instead, 1 mg A375 cellular lysate prepared 

using 0.1% Triton lysis buffer as detailed in section 2.5.6 was added and incubated 

for 1 h at 4°C. Prior to the addition of the lysate to the affinity column, the lysate was 

pre-cleared using sepharose-4B beads (Sigma; 200 μl (50% slurry) sepharose 4B 

beads per ml lysate; washed 3X in PBS prior to use) for 1 h at 4°C. The column was 

then washed 5X with 0.6 ml PBS containing 0.2% (v/v) Triton X-100 and 1X with 

Buffer W (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM 

benzamidine). Bound proteins were eluted with 40 mM reduced glutathione in 100 

mM Tris (pH 8), 120 mM NaCl for 30 min at 4°C. A375 lysate (25 μg) and eluate 

(40 μl) were loaded onto polyacrylamide gels and analysed by immunoblotting. 
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2.7.3 Protein binding assays 

 

2.7.3.1 Direct protein binding assay 

 

The following proteins were used for direct binding assays – His-CHIP wt, His-CHIP 

K30A, His-CHIP H260Q, His-NPM, His-SET, GST-IRF-1 wt, GST-IRF-1 Δenh, 

GST-IRF-1 Δ106-140 and Kap1 (GST-tag cleaved off) purified using the protocols 

described above.  

 

Additionally, purified untagged p53 was a kind gift from Vivien Landré and Ted 

Hupp, and purified Hsp70, Hsc70, Hsp90 (α and β mix) and Hsp40 (Hdj1) were kind 

gifts from Alicja Zylicz [245].  

 

Purified protein (100-250 ng as indicated; protein 1) was coated onto a white 96 well 

microtitre plate (Fisher) in 50 μl of 0.1 M NaHCO3 buffer (pH 8.6) at 4°C overnight 

without shaking. The following day wells were washed 3X with 200 μl PBS 

containing 0.1% Tween-20 (v/v; PBST) and non-reactive sites blocked using 200 μl 

PBS containing 3% BSA (w/v; PBS+BSA) for 1 h at room temperature. The wells 

were then washed again with PBST as above. To check for direct binding of protein 

1 with protein 2, a titration of protein 2 (as described in figure legends) in 50 μl of 

1X ELISA reaction buffer was added to the wells coated with protein 1 and 

incubated for 1 h at room temperature. To examine the effect of ATP on the binding 

of IRF-1 to heat shock proteins, the 1X ELISA reaction buffer was supplemented 

with 5 mM ATP as required. Next, the wells were washed 3X with 200 μl PBST and 

incubated with primary antibody diluted in 50 μl of PBS+BSA for 1 h at room 

temperature. The wells were once again washed as above, and then incubated with 

HRP-conjugated secondary antibody diluted in 50 μl of  PBS+BSA for 1 h at room 

temperature. After the final set of 3X washes with PBST, binding was detected by 

electrochemical luminescence (50 μl ECL mix per well) and was quantified using a 

luminometer (Labsystems; Fluoroskan Ascent FL). 
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1X ELISA Reaction Buffer 

25 mM HEPES (pH 7.5) 

50 mM KCl 

10 mM MgCl2 

5% (v/v) glycerol 

0.1% (v/v) Tween-20 

2 mg/ml BSA 

 

 

2.7.3.2 Direct peptide binding assay 

 

Peptides used for direct peptide binding assays were synthesised with an N-terminal 

Biotin tag and Ser-Gly-Ser-Gly spacer and were from Chiron Mimotopes. 

Streptavidin (1 μg per well) was coated onto a white 96 well microtitre plate (Fisher) 

in 50 μl PBS overnight at 37°C without shaking. The following day wells were 

washed 3X with 200 μl PBS containing 0.1% Tween-20 (v/v; PBST) and incubated 

with enough biotin-tagged peptide to saturate the streptavidin (~60 pmol; 0.25 μl of 5 

mg/ml stock) in 50 μl PBS for 1 h at room temperature. The wells were washed again 

as above and non-reactive sites blocked using 200 μl PBS containing 3% BSA (w/v; 

PBS+BSA) for 1 h at room temperature. Following a third round of washes, a 

titration of the protein of interest (amounts described in figure legends) was added to 

the peptide-coated wells in 50 μl of 1X ELISA reaction buffer (see recipe above) and 

incubated for 1 h at room temperature. Next, the wells were washed 3X with 200 μl 

PBST and incubated with primary antibody diluted in 50 μl of PBS+BSA for 1 h at 

room temperature. The wells were once again washed as above, and then incubated 

with HRP-conjugated secondary antibody diluted in 50 μl of PBS+BSA for 1 h at 

room temperature. After the final set of 3X washes with PBST, binding was detected 

by electrochemical luminescence (50 μl ECL mix per well) and was quantified using 

a luminometer (Labsystems; Fluoroskan Ascent FL). 
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2.7.3.3 Competition assay 

 

Peptide competition assays were carried out in a similar manner to direct protein 

binding assays, except that a fixed amount of protein 2 (usually 100 ng; amounts 

described in figure legends) was pre-incubated with a titration of peptide (or DMSO 

control) or a third protein in 50 μl of 1X ELISA reaction buffer for 10 min at room 

temperature prior to its addition onto the microtitre plate coated with a fixed amount 

of protein 1. Washing and detection was as described in the direct protein binding 

assay above. 

 

 

2.7.4 Immunoprecipitation (IP) and isolation of protein complexes from cells 

 

2.7.4.1 FLAG IP 

 

A375 cells grown in 10 cm plates were transfected either with: 

(a) 2 μg FLAG-Kap1 (or FLAG empty vector) and 2 μg OneSTrEP-IRF-1 wt (or 

OneSTrEP empty vector), or with  

(b) 2 μg FLAG-IRF-1 wt (or FLAG empty vector) and 2 μg His/Myc-CHIP wt or 

ΔTPR or Δ± or ΔU-box 

 

Cells were scraped into 1 ml 0.2% Triton lysis buffer 24 h post transfection as 

described in section 2.5.6. If required, cells were treated as indicated prior to 

harvesting (heat shock: 43°C for 30 min, metal stress: 1 mM ZnCl2 for 90 min, 

serum withdrawal for 24 h). One 10 cm plate was used per IP condition. Lysates 

were pre-cleared with 200 μl (50% slurry) sepharose 4B beads (Sigma; washed 3X in 

PBS prior to use) for 1 h at 4°C and then centrifuged to pellet the beads at 500 g for 3 

min at 4°C. Pre-cleared lysate was collected and total protein quantified by 

Bradford’s method. Next, 2.5 mg of pre-cleared lysate was added to 35 μl (50% 

slurry) FLAG-M2-agarose beads (Sigma; washed 3X in PBS prior to use) and 

incubated for 1 h at 4°C. Beads were pelleted by centrifuging at 500 g for 3 min at 

4°C, and then washed 4X with 0.5 ml PBS supplemented with 0.4% Triton X-100 
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and 2X with 0.5 ml PBS alone. For each wash, samples were mixed gently by 

inversion for 5 sec and then centrifuged to pellet the beads as above. Supernatant was 

discarded. After the final wash, FLAG-proteins were eluted by the addition of 70 μl 

PBS containing 15 μg of 3X FLAG peptide (Sigma) for 30 min at 4°C on a rotating 

table. Samples were centrifuged as above, and supernatant containing FLAG-proteins 

was collected. Lysate (25 μg; control for expression levels of transfected proteins) 

and eluate (40 μl) were loaded onto polyacrylamide gels as required and analysed by 

SDS-PAGE/immunoblot. 

 

 

2.7.4.2 OneSTrEP pulldown 

 

A375 cells grown in 10 cm plates (2 plates per pulldown) were transfected with 4 μg 

OneSTrEP-IRF-1 wt or OneSTrEP empty vector and scraped into 1 ml (per 10 cm 

plate) 0.2% Triton lysis buffer 24 h post transfection as described in section 2.5.6. 

Lysate (5 mg) was added to 40 μl (50% slurry) streptactin macroprep (IBA) washed 

3X in Buffer W and incubated for 1 h at 4°C on a rotating table. Following 

incubation with the lysate, the macroprep resin was pelleted by centrifuging at 1000 

g for 5 min at 4°C and then washed 5X with 0.5 ml Buffer W. For each wash, 

samples were mixed gently by inversion for 5 sec and then centrifuged to pellet the 

resin as above. Supernatant was discarded. After the final wash, OneSTrEP-proteins 

were eluted by the addition of 100 μl Buffer E for 30 min at 4°C on a rotating table. 

Samples were centrifuged as above and supernatant containing OneSTrEP-proteins 

was collected. Alternately, OneSTrEP-proteins were eluted from the resin by heating 

in 50 μl of 2X sample buffer at 85°C for 5 min. Lysate (25 μg) and eluate (40 μl) 

were loaded onto polyacrylamide gels and analysed by SDS-PAGE/immunoblot.  

 

Buffer W 

100 mM Tris (pH 8.0) 

150 mM NaCl 

1 mM EDTA 

1 mM benzamidine 
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Buffer E 

2 mM biotin in Buffer W 

 

 

2.7.4.3 GFP IP 

 

A375 cells grown in 10 cm plates (2 plates per IP condition) were transfected with 2 

μg pcDNA3-CHIP wt and varying amounts of GFP constructs (to normalise for 

expression): 2 μg GFP alone (pDEST53) or 5 μg GFP-IRF-1 wt (pDEST53-IRF-1 

wt) or 7.5 μg GFP-IRF-1 115-140 (pMBC1-IRF-1 115-140). Total DNA levels 

across all samples were normalised using pcDNA3 empty vector.  

 

Post transfection (24 h) the cells were scraped into 1 ml 0.2% Triton lysis buffer (per 

10 cm plate) and incubated on ice for 20 min. Samples were centrifuged at 16000 g 

for 15 min at 4°C and supernatant (lysate) collected. Lysates were pre-cleared with 

200 μl (50% slurry) sepharose 4B beads (Sigma; washed 3X in PBS prior to use) for 

1 h at 4°C and then centrifuged at 500 g for 3 min at 4°C to pellet the beads. Pre-

cleared lysate was collected and total protein quantified by Bradford’s method.  

 

Next, 7.5 mg pre-cleared lysate was incubated with 5 μl GFP polyclonal Ab and 40 

μl (50% slurry) Protein G-sepharose 4B (Amersham GE; washed 3X in PBS prior to 

use) overnight at 4°C on a rotating table. The following day, beads were pelleted by 

centrifuging at 500 g for 3 min at 4°C, and then washed 5X with 0.5 ml Wash Buffer. 

For each wash, samples were mixed gently by inversion for 5 sec and then 

centrifuged to pellet the beads as above. Supernatant was discarded. After the final 

wash, bound proteins were eluted by heating in 60 μl of 2X sample buffer at 85°C for 

5 min. Lysate (50 μg) and eluate (40 μl) were loaded onto 10% polyacrylamide gels 

and analysed by SDS-PAGE/immunoblot as required.  

 

Wash Buffer 

PBS + 0.4% (v/v) Triton X-100 
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2.7.4.4 Endogenous IRF-1 IP 

 

Endogenous IRF-1 IP’s were performed by Yuh Ping Chong as follows:  

 

Cross-linking anti-IRF-1 mAb to protein G sepharose 

6.8 μg anti-IRF-1 mAb (BD) was mixed with 100 μl packed protein G sepharose 

beads (Amersham GE) in 1 ml PBS and incubated at 4°C for 1 h on a rotating table. 

The beads were washed 2X with 10 volumes of 0.2 M sodium borate (pH 9; 

centrifuge at 3000 g for 5 min after each wash to pellet beads and discard 

supernatant) and then resuspended in 10 volumes of 0.2 M sodium borate (pH 9). At 

this stage, a 10 μl aliquot of the beads was collected (‘before’) to use as a control for 

cross-linking efficiency. To the remainder of the beads, dimethyl pimelimidate 

(Pierce; powder; add fresh) was added to bring the final concentration to 20 mM, and 

incubated for 2 h at room temperature with gentle mixing. Samples were centrifuged 

as above and supernatant was discarded. The reaction was stopped by washing the 

beads once in 0.2 M ethanolamine (pH 8) as above and then incubating with 10 

volumes 0.2 M ethanolamine (pH 8) for 2 h at room temperature. Again, the samples 

were centrifuged as above and the beads resuspended in PBS to obtain a 50% slurry. 

A 10 μl aliquot of the beads was removed (‘after’) to test for cross-linking efficiency 

and the remainder of the beads stored at 4°C until use. 

 

The ‘before’ and ‘after’ controls were boiled in 2X sample buffer for 5 min and then 

run out on an SDS-PAGE gel. Good coupling is indicated by the presence of heavy 

chain (55 kDa) bands in the ‘before’ but not ‘after’ lanes, when observed by 

coomassie staining. 

 

Immunoprecipitation using anti-IRF-1 mAb coupled to protein G sepharose beads  

A375 cells were grown in 10 cm plates as required and lysed in IP Lysis Buffer at 

~95% confluence. Lysate (2 mg) was incubated with cross-linked beads (10 μl 

packed volume) for 2 h 20 min at 4°C on a rotating table. Beads were pelleted by 

centrifuging at 500 g for 3 min at 4°C and supernatant discarded. Washes were as 

follows: 2X with 1 ml wash buffer supplemented with 0.5 M NaCl, followed by 2X 
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washes with 1 ml wash buffer. Beads were spun as above for each wash and 

supernatant discarded. After the final wash, bound proteins were eluted by heating in 

50 μl 2X sample buffer at 90°C for 5 min. Beads were centrifuged at 500 g for 3 min 

at room temperature, supernatant transferred to a new tube, and 25 μl loaded onto a 

10% polyacrylamide gel for analysis by SDS-PAGE/immunoblot as required.  

 

IP Lysis Buffer 

20 mM Tris (pH 7.4) 

150 mM NaCl 

1 mM EDTA 

1 mM DTT 

1% NP-40 

10% glycerol 

1 mM Na3VO4 

0.1 mM Na2MoO4 

1 mM pefabloc 

 

Wash Buffer 

25 mM HEPES (pH 7.5) 

10% glycerol 

1 mM EDTA 

0.1% NP-40 

50 mM NaF 

10 mM β-glycerophosphate 

0.5 mM Na3VO4 

0.2 mg/ml benzamidine 

 

 

2.7.5 Dual luciferase reporter assays 

 

For luciferase reporter assays, H1299 or A375 cells as indicated were cultured in 24-

well plates and transfected with pCMV-RenillaLuc (60 ng per well) together with 
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either pTLR3-FireflyLuc wt (+ISRE) or mutant (-ISRE; 140 ng) using 1.5 μl 

Attractene per well. For experiments where the effect of over-expression of proteins 

such as FLAG-Kap1, FLAG-Hsp90α, FLAG-Hsp90β or Myc-Yb1 on endogenous 

IRF-1 activity at the TLR3 promoter were studied, a titration of plasmids encoding 

these proteins (as indicated in the figure legends) was co-transfected together with 

the pCMV-RenillaLuc and pTLR3-FireflyLuc plasmids. To study the effect of 

17AAG on endogenous IRF-1 activity, 17AAG (or a DMSO control) in cell culture 

medium was added to the transfected cells for the indicated time period (see figure 

legends) prior to harvesting.  

 

Luciferase assays were performed 24 h post-transfection using the Dual Luciferase 

Reporter Assay System (Promega) according to the manufacturer’s instructions. In 

brief, the cells were rinsed in ice-cold PBS and lysed by incubating with 100 μl 

passive lysis buffer (supplied) per well for 20 min at room temperature with shaking. 

The cell suspension was mixed by pipetting and transferred to microfuge tubes. 

Samples were centrifuged at 16000 g for 5 min at 4°C to pellet cell debris and lysate 

transferred to a fresh microfuge tube. Next, lysate (5 μl) was added onto a white 96 

well microtitre plate (Fisher) and mixed with 25 μl luciferase assay reagent (LAR II; 

supplied). Firefly luciferase luminescense was measured immediately using a 

Fluroskan Ascent F1 luminometer (Labsystems). Stop and Glo reagent (25 μl; 

supplied) was then added to each well and the renilla luciferase signal quantified 

using a luminometer. Signals were normalised using the internal control (renilla 

luciferase signal) and expressed as a ratio of firefly : renilla luciferase. Results are 

represented as mean ± SD.  

 

 

2.7.6 Sub-cellular fractionation 

 

Sub-cellular fractionation was carried out on A375 cells in 35 mm dishes using the 

ProteoExtract Kit (Calbiochem) or Subcellular Protein Fractionation Kit (Thermo 

Scientific) as indicated, according to the manufacturer’s instructions (using 200 μl 

buffers I and II and 100 μl of the other buffers in both cases).  If required, the cells 
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were transfected 24 h prior to harvesting as indicated in the figure legends. 

Additionally, cells were treated as required prior to harvesting (heat shock: 43°C for 

30 min, metal stress: 1 mM ZnCl2 for 90 min, 17AAG: 1 μM for 18 h). Fractions 

were snap-frozen in liquid nitrogen and stored at -80°C. 40 μl of the cytosolic and 

membrane fractions, and 20 μl of the nuclear (soluble and chromatin-associated, as 

indicated) and cytoskeletal fractions were loaded onto polyacrylamide gels and 

analysed by SDS-PAGE/immunoblot as required. 

 

 

2.7.7 Half-life analysis 

 

For half-life determination A375 cells in 35 mm plates were transfected as indicated 

in the figure legends. Post transfection (24 h), the cells were treated with 30 μg/ml 

cycloheximide and harvested at the indicated time points. Harvested cell pellets were 

snap-frozen in liquid nitrogen, and were simultaneously fractionated using the 

ProteoExtract Kit (Calbiochem) as described above. Nuclear fractions (40 μg) were 

analysed by SDS-PAGE/immunoblot using anti-IRF-1 mAb and band intensity from 

the X-ray film was quantified using Scion Imaging software. The intensity of the 

zero time-point was taken as 100% and the others were measured relative to this. A 

graph of ln (% protein remaining) against time was plotted to obtain a linear graph. 

The equation of the graph was used to calculate the x-axis value corresponding to y = 

ln (50%). This value represents the calculated half-life. 

 

 

2.7.8 Size exclusion chromatography 

 

A375 cells in a 10 cm plate were lysed in 500 μl FPLC lysis buffer as described in 

section 2.5.6 and passed through a 0.45 µm button filter. Lysate generated from one 

10 cm plate was loaded onto a 25 ml Superose-6 column (Amersham GE) 

equilibrated overnight in pre-chilled FPLC column buffer. The flow rate was 

adjusted to 0.4 ml/min and 0.5 ml fractions were collected. Fractions were 
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precipitated using TCA (see below) and analysed by SDS-PAGE/immunoblot as 

required. 

 

FPLC Lysis Buffer 

20 mM HEPES (pH 7.5) 

0.25 M NaCl 

10% (w/v) sucrose 

10% (v/v) glycerol 

0.1% (v/v) Triton X-100 

5 mM NaF 

2 mM β-glycerophosphate 

1 mM DTT 

1X protease inhibitor mix 

 

FPLC Column Buffer 

20 mM HEPES (pH 7.5) 

0.25 M NaCl 

5% (w/v) sucrose 

5% (v/v) glycerol 

0.05% (v/v) Triton X-100 

5 mM NaF 

1 mM DTT 

1 mM benzamidine 

 

 

2.7.8.1 TCA Precipitation of Proteins 

 

Sodium deoxycholate (DOC; 2% stock) was added to the protein sample to a final 

concentration  of  0.02% (1 μl  2%  DOC  per  100 μl  sample) and incubated at room  

                                                 
 DOC is a mild detergent and binds to hydrophobic regions of proteins. Its base form (Na DOC) is 
precipitated by the addition of the stronger acid TCA (which dissociates to form Cl- and CH3COO- 
ions), and thus in this protocol DOC serves as a protein co-precipitant 
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temperature for 15 min. Next, trichloroacetic acid (TCA; 24% stock) was added to 

the sample to a final concentration of 6% (33.7 μl 24% TCA per 100 μl sample) and 

incubated for 1 h on ice. The samples were centrifuged at 16000 g for 10 min at 4°C 

and the supernatant discarded. Acetone pre-chilled at -20°C (200 μl) was added to 

the pellet and incubated for 15 min on ice. The samples were centrifuged as above 

and the supernatant discarded. A further 200 μl ice-cold acetone was added to the 

pellet and the samples centrifuged again as above. The supernatant was discarded 

and the pellet air dried for 1-2 min. The pellet was then resuspended in 25 μl 2X 

sample buffer and heated at 85°C for 5 min. If required, excess acid (sample buffer 

turns yellow) was neutralised by the addition of 1-5 μl 1 M Tris (pH 8.8). The entire 

sample was loaded onto a polyacrylamide gel and analysed by PAGE/immunoblot.  

 

 

2.7.9 RNA extraction and RT-PCR 

 

H1299 cells in 35 mm plates were treated with 17AAG as indicated in the figure 

legends and scraped into 1 ml ice-cold PBS. The cell suspension was divided into 

two tubes (0.5 ml each) and centrifuged at 2500 g for 5 min at 4°C. The supernatant 

was discarded and the cell pellet frozen in liquid nitrogen. Half of the cells (pellet 

from one tube containing 0.5 ml cell suspension) were lysed in 0.2% triton lysis 

buffer as described in section 2.5.6 and analysed for protein by SDS-

PAGE/immunoblot using anti-IRF-1 mAb. From the remaining 50% of cells, total 

RNA was extracted using the RNeasy Mini kit (Qiagen) according to the 

manufacturer’s instructions except using DTT rather than β-mercaptoethanol. RNA 

was eluted in 50 μl nuclease-free water and was reverse transcribed using the 

Omniscript RT Kit (Qiagen) in two steps as described below: 

 

(I) Reverse Transcription 

RNA (0.5 μg) was diluted to 7 μl with nuclease-free water and heated at 65°C for 5 

min to denature secondary structures. The RNA was then cooled on ice and mixed 

with 13 μl RT master mix. The 20 μl reaction was incubated at 37°C for 1 h and then 

stored at -20°C.  
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RT Master Mix (volumes per 13 μl reaction) 

10X RT Buffer  2 μl 

5 mM dNTP   2 μl 

0.5 mg/ml oligo dT primer 0.2 μl 

40 U/μl RNase inhibitor 0.2 μl 

100 mM DTT   2 μl 

Omniscript RT  1 μl 

Nuclease-free water   5.6 μl 

 

 

(II) PCR 

PCR was performed with the cDNA template (reverse-transcribed RNA) using PCR 

Master Mix (Rovalab) as described below. Primer sequences are listed in Table 2.9. 

RT primers for IRF-1 were designed by Mirjam Eckert and for GAPDH by Euan 

Murray. 

 

Target Primer sequence (5’-3’) 
Product 

Size 

Binding site of 
forward primer 

on DNA 
sequence of 
gene target 

 
IRF-1 

 
 
 
 
 
 
 
 

GAPDH 

 
Forward: 
TTAATAAAGAGGAGATGATCTTCC 
 
 
Reverse: 
CCTGCTTTGTATCGGCCTGTGTGA 

 
 

 
Forward: 
GTCAGTGGTGGACCTGACCT 
 
Reverse: 
ACCTGGTGCTCAGTGTAGCC 
 

 
124 bp 

 
 
 
 
 
 
 
 

122 bp 

 
79 bp 

 
 
 
 
 
 
 
 

720 bp 

 

Table 2.9. RT-PCR Primers 
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PCR reactions (10 μl volume) were set up as follows: 

2X PCR (Taq) Master Mix 5 μl 

cDNA template  1 μl 

Forward primer (100 μM) 0.07 μl 

Reverse primer (100 μM) 0.07 μl 

Nuclease-free water  3.86 μl 

 

Thermal cycling conditions were: 

94°C for 15 min 

94°C for 30 sec 

55°C for 30 sec 

72°C for 30 sec 

Repeat steps 2-4 for 25 cycles 

72°C for 10 min 

Hold at 4°C forever 

 

6X Gel loading dye without bromophenol blue (2 μl; BPB was avoided since it runs 

at ~300 bp, close to the PCR products) was added to each sample, and the entire 

volume loaded on a 2% agarose gel and DNA bands observed under UV. 

 

 

 

2.7.10 In vivo ubiquitination assay 

 

H1299 cells in 6-well plates were transfected with 0.5 μg pcDNA3-IRF-1 wt, 0.5 μg 

His-Ubiquitin (His-Ub) and 2 μg pcDNA3-CHIP wt as indicated. 16 h post 

transfection, the cells were treated with MG-132 (50 μM) for 4 h. If required, cells 

were also treated with 1 mM ZnCl2 for 90 min or heat shocked at 43°C for 30 min 

immediately prior to harvesting. Cells were harvested in 1 ml ice-cold PBS and the 

cell suspension divided into two parts: 800 μl for analysis by His-pulldown, and 200 

μl for direct lysis. Both parts were centrifuged at 2500 g for 5 min at 4ºC, the 

supernatant was discarded and the cell pellets snap-frozen in liquid nitrogen. 
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2.7.10.1 His-Pulldown 

 

The 800 μl pellet was thawed and lysed in 1 ml freshly prepared ubiquitination lysis 

buffer by pipetting using a liquipette (Elkay; 10-15 strokes). Next, the lysate was 

transferred to a 15 ml falcon tube containing a further 4 ml of lysis buffer and 75 μl 

of Ni2+-NTA agarose beads (Qiagen) was added to each tube. Samples were 

incubated overnight at 4ºC on a rotating table. 

 

The following day, beads were collected by centrifugation at 500 g for 4 min at 4ºC 

and the supernatant discarded. Buffer A (750 μl) was added and the beads transferred 

to microfuge tubes. Following a 15 min incubation at room temperature on a rotating 

table, the beads were collected by centrifugation at 500 g for 4 min and the 

supernatant discarded. In a similar manner, the beads were washed with buffers B-E. 

 

After the final wash with buffer E, 75 μl of elution buffer was added to the beads and 

samples were incubated on a rotating table for 30 min at room temperature. The 

beads were collected by centrifugation at 500 g for 5 min at room temperature. Next, 

the supernatant (eluate) was mixed with an equal volume of 2X sample buffer and 50 

μl of each sample was loaded on a 4-12% NuPAGE gel and run at 200 V for 50 min 

in 1X MOPS buffer (Invitrogen). The separated proteins were transferred to 

nitrocellulose and analysed by immunoblotting using anti-IRF-1 antibody. 

 

 

Buffer A 

6 M Guanidium-HCl 

95 mM Na2HPO4 

5.3 mM NaH2PO4 

10 mM Tris-HCl (pH 8.0) 

0.01 M β-mercaptoethanol 

Adjust pH to 8.0 
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Buffer B 

8 M Urea 

95 mM Na2HPO4 

5.3 mM NaH2PO4 

10 mM Tris-HCl (pH 8.0)    

0.01 M β-mercaptoethanol 

Adjust pH to 8.0 

 

Buffer C 

8 M Urea 

22.5 mM Na2HPO4 

77.5 mM NaH2PO4 

10 mM Tris-HCl (pH 8.0)    

0.01 M β-mercaptoethanol 

Adjust pH to 6.3 

 

Buffer D 

Buffer C + 0.2% Triton X-100 

 

Buffer E 

Buffer C + 0.1% Triton X-100 

 

Lysis Buffer 

Buffer A + 5 mM Imidazole 

 

Elution Buffer 

0.2 M Imidazole 

5% SDS 

0.15 M Tris-HCl (pH 6.7) 

10% glycerol  

0.72 M β-mercaptoethanol 
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2.7.10.2 Direct Lysis 

 

The 200 μl pellet was lysed in 10 μl 1% NP40 lysis buffer as detailed in section 

2.5.6. The lysate was mixed with 10 μl 2X sample buffer and 10 μl loaded onto a 

10% polyacrylamide gel and analysed by SDS-PAGE/immunoblot. 

 

 

 

2.7.11 In vitro ubiquitination assay (developed by Ted Hupp for p53-Mdm2) 

 

In vitro ubiquitination assays were set up using purified components. Purified Ub and 

UBE1 were purchased from Boston Biochem, and an E2 enzyme library from 

Biomol. Creatine phosphate (CP) and creatine phosphokinase (CK) were from 

Sigma, and ATP was from Calbiochem. All other proteins were purified in house. 

Reactions contained 25 mM HEPES (pH 8.0), 10 mM MgCl2, 4 mM ATP, 0.5 mM 

DTT, 0.05% (v/v) Triton X-100, 0.25 mM benzamidine, 10 mM creatine phosphate, 

3.5 units/ml creatine kinase, 10 µM ubiquitin (wt or mutants, as indicated), E1 

(UBE1; 100 nM), E2 (UbcH5a or other indicated E2; 1 μM), and 25 nM GST-IRF-1 

(wt or mutant; or p53 wt). Reactions were started with purified His-CHIP (60 nM; wt 

or mutant), incubated for 5-30 min (as indicated) at 30°C and stopped by the addition 

of 2X sample buffer. 

 

A detailed protocol for CHIP ubiquitination of GST-IRF-1 is given below. For 

convenience, a master mix for 16 reactions was assembled on ice as follows: 

366 µl water 

10 µl 1 M HEPES (pH 8) 

2.4 µl 1 M MgCl2 

2 µl 10% Triton X-100 

0.2 µl 1 M DTT 

6 µl 0.2 M ATP 

0.4 µl 1 M benzamidine 

3.2 µl 10 mg/ml ubiquitin 
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The tube was mixed gently by inversion, any solution stuck to the lid was removed, 

and the following added: 

4 µl 1 M creatine phosphate  

2 µl 10 mg/ml creatine phosphokinase  

 

The tube was again mixed gently by inversion, any solution stuck to the lid was 

removed, and the following added: 

1.6 µM E1 (here 0.7 µl) 

16 µM E2 (here 0.4 µl) 

0.55 µg GST-IRF-1 (here 0.8 µl) 

 

The tube was mixed by inversion, any solution stuck to the lid removed, and a 22 µl 

aliquot collected (no E3 control). His-CHIP (0.675 µg) was added to the remainder, 

the tube mixed again by inversion, and 22 µl aliquots were made as required. If 

required, peptide (or DMSO control) was titrated into the aliquots at this stage, 

ensuring that the total reaction volume across all samples was normalised with 

DMSO. Reactions were incubated for 5-30 min as required (usually 30 min) at 30°C 

and were stopped by the addition of 25 µl 2X sample buffer. 15 µl was loaded on a 

4–12% NuPAGE gel in a MOPS buffer system (Invitrogen) and analysed by 

immunoblotting.  

 

Where cellular lysate was used as the E3 ligase source, A375 cells grown in 6-well 

plates were transfected with pcDNA3-CHIP and lysed in 100 μl 0.2% Triton lysis 

buffer as described in section 2.5.6. Lysate (~5 μg) was then added to the 22 μl 

reaction instead of purified CHIP and the reaction was carried out as above.  

 

 

2.7.11.1 In vitro ubiquitination assay: Competition by heat shock proteins 

 

When heat shock proteins (Hsp40, Hsp70 and/or Hsp90) were titrated into GST-IRF-

1 or p53 in vitro ubiquitination assays by CHIP, they were pre-incubated with CHIP 

prior to the addition of the substrate. For this purpose, a 16 reaction ubiquitination 
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master mix was set up (see above) excluding the following components: ATP, Ub, 

CP, CK, E1, E2, E3 (CHIP) and substrate (GST-IRF-1 or p53). After gentle mixing 

by inversion, 16 x 10 μl aliquots were made and the remainder of the master mix 

placed on ice. Heat shock proteins were added to the aliquots as required, ensuring 

that the total volume across all samples was the same (volumes were normalised 

using the buffer the Hsp’s were prepared in). Additionally, CHIP was added to the 

aliquots as required, and the mix incubated for 10 min at room temperature. 

 

During the incubation, the other master mix components (ATP, Ub, CP, CK, E1, E2, 

substrate) were added to the remainder of the master mix on ice (‘new mix’). After 

the 10 min incubation was complete, 12 μl of the ‘new mix’ was added to each 

aliquot, mixed by gentle tapping, and incubated at 30°C as required (20 min for IRF-

1, 15 min for p53). The reaction was stopped by the addition of 2X sample buffer, 

and analysed as above. 

 

 

2.7.12 Thermal protein-unfolding assay 

 

The extent of protein unfolding was measured using the fluorescent SYPRO Orange 

dye (Invitrogen) [246]. SYPRO Orange (5000X stock) was diluted to 50X using 

Buffer A and used in the assay at 5X. His-CHIP wt or K30A was purified as 

described in section 2.6.1.3 and exchanged into Buffer A using Zeba Desalt Spin 

Columns (Pierce). The purified proteins were diluted to a final concentration of 5 μM 

in Buffer A before the addition of SYPRO Orange. If required, Hsp70 peptides (or a 

DMSO control) were added to a final concentration of 5 μM to His-CHIP wt prior to 

the addition of SYPRO Orange. Samples (50 μl volume) were aliquoted onto a 96-

well PCR plate in triplicate and sealed with optical-quality sealing film (Bio-Rad). 

Care was taken to ensure that no bubbles were introduced through pipetting. If 

bubbles were observed, the plate was spun at 1000 g for 2 min at 21°C prior to 

sealing. The rate of protein unfolding was measured using an iCycler iQ Real-Time 

PCR system (Bio-Rad) by heating samples from 25°C to 60°C at 1°C increments 

with a 30 second incubation at each increment. Fluorescence intensity was measured 
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using excitation/emission wavelengths of 485 nm/575 nm in relative fluorescent 

units (RFU) and thermal denaturation graphs were plotted as a function of the 

gradient of protein unfolding against the temperature gradient [d(RFU)/dT]. 

 

Buffer A 

20 mM Tris (pH 8) 

150 mM NaCl 
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CHAPTER 3: EXPANDING THE IRF-1 INTERACTOME THROUGH THE 

IDENTIFICATION OF NOVEL LINEAR INTERACTION MOTIFS 

 

 

3.1 Introduction 

 

With the emergence of crystal structures of proteins in the 1960’s, the term ‘domain’ 

was coined to describe distinct regions of a protein’s crystal structure [247]. Later, 

the definition of ‘domain’ was extended to include the fact that domains could fold 

and function in isolation [247]. Domains tend to be evolutionarily conserved, and 

proteins with similar domain architecture are usually grouped into a single family, 

often sharing a common ancestry [248]. However, the fact that similar domains can 

have different functions suggests that although domains may be able to fold in 

isolation, their function within the context of full-length proteins is often linked to 

other domains or sequences within the protein. For example, the DNA-binding 

domain (DBD) in IRF-1 functions mainly as a transcriptional activator of target 

genes, while the same domain on IRF-2 functions in repression. Although the DNA-

binding domain is essential for gene activation and repression, additional domains 

are involved in determining the exact function of the DBD. As many as 7000 

domains have been identified and these are generally >30 amino acids long [249, 

250].  

 

For decades, protein-protein interactions (PPIs) were thought to occur exclusively 

through domain-domain interactions. In support of this hypothesis, several examples 

for classical models like the ‘lock and key’ model where a domain from one protein 

fits perfectly into a domain from another protein were found. However, studies have 

consistently shown that domains form a very small percentage of the total protein 

sequence within an organism (see [248]). The remainder has been shown to be 

relatively unstructured and usually of low complexity i.e. comprising primarily of 

only a few types of amino acids [251]. These unstructured regions or intrinsically 

disordered sequences are often required for the proper functioning and spacing of 

domains, and consequently are frequently found flanking globular domains [248]. 
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However, they have also been shown to include sites for PPIs, for cleavage by 

proteases and for post-translational modifications (PTMs) such as ubiquitination and 

phosphorylation, possibly because they are highly flexible and solvent exposed 

[248].  

 

It is now generally believed that intrinsically disordered regions or ID domains 

comprise short linear motifs (SLiMs; also called linear interaction motifs LIMs or 

interaction domains), which are typically 3-10 amino acids long, and although they 

do not form globular domains, often conform to sequence patterns indicative of a 

specific function [248, 252]. For example, the PXXP motif is known to bind proteins 

containing the SH3 region (where X is any amino acid; see [248]). Although ID 

domains contain a high proportion of the proteome’s LIMs (approximately 85%), 

they do not contain all; recent studies have shown the presence of LIMs within 

globular domains as well [252].  

 

Unlike globular domains, LIMs do not tend to be conserved during evolution over 

many lineages, essentially due to their short sequence. In fact because only a few of 

the 3-10 amino acids that comprise a LIM are usually critical for its function, LIMs 

most likely arise during evolution by chance – a single mutation can render a 

functional LIM inactive, or create a functional LIM out of an inert sequence [248].  

The major advantage of this is plasticity or flexibility – especially during evolution, 

as plasticity makes for easy adaptation [248].  

 

Current thinking on the functions of LIMs suggests that these motifs may be 

advantageous over globular domains in protein-protein interactions – given that they 

lack a defined structure, they are more flexible and may allow for the binding of 

structurally dissimilar molecules to the same motifs [253]. Moreover, their short 

length  ensures  that  they  usually  have  low  binding  affinities  (usually in  the  μM  

                                                 
 The SH3 or Src homology 3 region is a protein domain of about 55-75 aa that is often found in 
proteins involved in signalling pathways, such as kinases. This domain binds to PXXP motifs on 
target proteins. It is belived that amino acids flanking the PXXP core, as well as those that comprise 
the XX, give specificity towards certain types of SH3 proteins 
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range), unlike the much higher affinities of globular domains (nM to pM range), 

making them more likely to be involved in transient interactions that are beneficial in 

cell signalling [248, 253, 254].  

 

 

3.1.1 The IRF-1 Interactome 

 

For a protein that is known to be involved in multiple cellular signalling pathways, 

surprisingly little is known about the IRF-1 interactome. In fact, only a handful of 

IRF-1 binding proteins (about 16) have been identified thus far. Table 3.1 lists the 

known IRF-1 binding proteins and the methods employed to confirm the interaction, 

as well as functional significances of the interactions, if known. 

 

Interacting 
Protein 

Experimental evidence Functional significance Ref. 

 
VEGFR 2 
(vascular 

endothelial growth 
factor receptor 2) 

 
 

KPNA 2 
(karyopherin alpha 

2) 
 
 
 

p300/CBP  
(CREB binding 

protein) 
 
 
 
 
 

PCAF 
(p300/CBP-

associated factor) 
 
 
 

 
Yeast 2 hybrid (Y2H);  

IP using transfected 
proteins in human 

umbilical vein 
endothelial cells 

 
IP using both transfected 
proteins and endogenous 
proteins in normal human 
epidermal keratinocytes 

 
 

In vitro translated IRF-1 
binds to N-terminus of 
p300; IRF-1 C-terminal 
peptides bind directly to 

p300 
 
 

 
In vitro interaction, using 
recombinant proteins – 
IRF-1 N-term binds to 

PCAF C-term 
bromodomain 

 

 
Inhibits angiogenesis and 

expression of genes 
involved in angiogenesis 

 
 
 

Possibly plays a role in 
transporting IRF-1 to the 

nucleus in these cells (IRF-
1 appears to be cytosolic in 

these cells) 
 

Co-activator for virus 
induced transcription of 
IFNβ, and is a part of the 

enhanceosome. Binding to 
IRF-1 stimulates 

acetylation and activation 
of p53 

 
Increases IRF-1 reporter 
activity in NIH 3T3 cells, 

possibly through 
acetylation (ΔHAT PCAF 

acts as a dominant -ve) 
 

 
[229] 

 
 
 

 
 

[255] 
 
 
 
 
 

[151, 
256] 

 
 
 
 
 
 

[257] 
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GCN5 

(general control of 
amino acid 
synthesis 5) 

 
IRF-8 / ICSBP 

(interferon 
regulatory factor 8) 

 
 

Stat1  
(signal transducers 
and activators of 
transcription 1) 

 
 
 
 

HIV Tat  
(HIV 

transactivator of 
transcription) 

 
 

CK2 
(casein kinase 2) 

 
 
 
 
 

NPM 
(nucleophosmin) 

 
 
 

GAGE 
(G antigen family) 

 
 
 
 

MyD88 
(myeloid 

differentiation 
primary response 

gene 88) 

 
Recombinant GCN5 was 
shown to bind IRF-1 in 

complex with ISRE 
 
 

Mammalian 2 hybrid in 
C243 fibroblasts; mouse 
IRF-1 aa 164-219 binds 

IRF-8  
 

IP of in vitro translated 
proteins and endogenous 

proteins in human 
fibroblasts; IRF-1 aa 

150-200 binds aa 1-135 
Stat1 

 
 

IFNγ-induced Jurkat cell 
IRF-1 binds recombinant 
GST-Tat; IP in HEK 293 

cells using over-
expressed proteins; Y2H 

 
Co-purifies with Sf9 IRF-
1; purified proteins bind 
on far western; IRF-1 aa 

1-120 is required for 
binding 

 
 

NPM from K-562 cell 
nuclear extract bound to 

immobilised recombinant 
GST-IRF-1 

 
Co-IP of endogenous 

GAGE, NPM and IRF-1 
in HeLa cells – no 
evidence for direct 

interaction 
 

Partial co-localisation of 
tagged proteins in HEK 
293T cytosol; FRET; IP 

from HEKs using 
transfected proteins 

 
Possibly enhances 

acetylation, like PCAF 
 
 
 

Represses IRF-1 activation 
of IFN-inducible genes 

 
 
 

Activation of LMP2 (low 
molecular mass 
polypeptide 2) 

transcription; LMP2 is 
required for proper 
presentation of viral 

antigens 
 

IRF-1 and Tat together 
activate transcription of 
HIV LTR (long terminal 
repeat; involved in HIV 

replication)  
 

Phosphorylates IRF-1 at aa 
138-150 and 219-231 

clusters; mutation of C-
terminal phospho-sites 

reduces IRF-1 
transactivation 

 
NPM binding to IRF-1 
prevents IRF-1 DNA 

binding and activation of 
target genes 

 
Anti-apoptotic protein; 
down-regulates IRF-1 
protein levels but not 

mRNA 
 
 

MyD88 enhances IRF-1 
reporter activity by 

inducing phosphorylation 
and nuclear translocation 

of IRF-1 in HEKs 

 
[257] 

 
 
 
 

[150] 
 
 
 
 

[258] 
 
 
 
 
 
 
 

[177] 
 
 
 
 
 

[259] 
 
 
 
 
 
 

[201] 
 
 
 
 

[260] 
 
 
 
 
 

[175] 
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NF-κB 

(nuclear factor 
kappa light chain 

enhancer of 
activated B cells) 

 
PIAS3 

(protein inhibitor 
of activated Stat3) 

 
 
 

Ubc9 
(Ub-like protein 

SUMO-1 
conjugating 
enzyme 9) 

 
 

HPV E7 
(human papilloma 
virus E7 protein) 

 
 
 
 

GRIP-1 
(glucocorticoid 
receptor [GR] 

interacting protein 
1) 

 
In vitro translated IRF-1 
(FL and C-term deletions 

up to ΔC115) bound 
recombinant GST-p50 

and GST-p65 
 

Y2H: IRF-1 aa 1-190 
binds to Ser/acidic 

domain of PIAS3; IP in 
HEK 293T cells using 

transfected proteins 
 

Y2H: interacts with IRF-
1 DBD and 

transactivation domains; 
GST-Ubc9 (and also 

GST-SUMO-1) bind in 
vitro translated IRF-1 

 
Y2H; mammalian 2 

hybrid; E7 binds to IRF-1 
aa 217-325; recombinant 

GST-E7 binds in vitro 
translated IRF-1 

 
 

Co-IP of endogenous 
proteins in airway 

smooth muscle (ASM) 
cells; GRIP-1 repressor 

domain binds to 
recombinant GST-IRF-1 

  

 
IRF-1 and NF-κB appear to 

synergistically activate 
MHC Class I gene 

expression in CHP-126 
neuroblastomas 

 
SUMO E3 ligase for IRF-
1; efficiently SUMOylates 

IRF-1 and represses its 
activation of target genes 

 
 

E2 enzyme for IRF-1 
SUMOylation; 

SUMOylation represses 
IRF-1 activity 

 
 
 

HPV E7 is believed to 
recruit histone deactylases 
to promoters containing 

ISREs, thereby interfering 
with IRF-1 gene activation 
by deacetylating chromatin 

 
Possible co-activator for 
IRF-1 activation of target 
genes; IRF-1 binding to 

GRIP-1 competes with GR 
binding to GRIP-1, thereby 
promoting glucocorticoid 

insensitivity  
 

 
[261] 

 
 
 
 
 

[262] 
 
 
 
 
 

[262, 
263] 

 
 
 
 
 

[206] 
 
 
 
 
 
 

[264] 

 

Table 3.1 Known IRF-1 interacting proteins 

 

 

As is evident from the data above, relatively few IRF-1 binding proteins have been 

identified to date. There are several reasons for this: (i) IRF-1 is highly toxic to cells 

and induces growth arrest when over-expressed, (ii) it is extremely difficult to purify 

the full-length protein owing to low expression levels, toxicity and instability, (iii) 

there is a lack of biochemical tools (such as good antibodies that effectively capture 
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IRF-1), and (iv) relatively few IRF-1 interactions have been identified using 

conventional approaches such as Y2H and IRF-1 pull-downs suggesting that it most 

likely takes part in low affinity-transient interactions that are not easy to capture. 

Thus, novel techniques geared towards identifying linear interaction motifs on IRF-1 

and capturing transient complexes need to be explored to identify more IRF-1 

binding proteins and to begin to understand the molecular basis of IRF-1 function.  
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3.2 Results 

 

 

3.2.1 Development of a biochemical screen to identify novel IRF-1 binding proteins 

 

As mentioned above, we and others have employed conventional approaches such as 

Y2H and IRF-1 pull-downs to identify IRF-1 binding proteins with very limited 

success ([229, 262], Narayan and Ball, unpublished observations). With the growing 

evidence that transcription factors tend to have several intrinsically disordered (ID) 

domains, and that ID domains tend to mediate a large number of protein-protein 

interactions through linear interaction motifs or LIMs, we sought to develop a 

method to screen for functional LIMs and to identify proteins binding to these motifs 

on IRF-1. To this effect, a panel of overlapping IRF-1 peptides spanning the entire 

sequence of the protein were synthesised (Figure 3.1A). Each peptide was 20 aa long 

with an N-terminal biotin tag and Ser-Gly-Ser-Gly spacer, and shared a 5 aa overlap 

with the successive peptide. Each of the biotinylated peptides was immobilised on 

streptavidin-agarose, following which A375 cell lysate was added to the peptide 

columns. Prior to its addition to the columns, the lysate was pre-cleared with avidin 

to block endogenous biotin-containing proteins such as carboxylases, and with 

Sepharose-4B beads to discard ‘sticky’ proteins that bind to the bead matrix rather 

than the IRF-1 peptides. After extensive washing, bound proteins were eluted using 

sample buffer and separated using NuPAGE gradient gels. The gels were stained 

with colloidal blue, following which bands were cut out and proteins identified by 

mass spectrometry. Figure 3.1B gives an overview of the method. 

 

As is evident from the colloidal blue stained gels of the peptide affinity column 

eluates in Figure 3.2A, the method was successfully optimised to give minimal 

background. Interestingly, while the majority of the IRF-1 peptides had few/no 

detectable binding proteins, IRF-1 peptides 8 and 9 appeared to bind to a large 

number of proteins (Figure 3.2A). Importantly, the majority of the eluted proteins did 

not seem to be over-represented in crude A375 lysate, suggesting specificity for 

peptide 8 and 9 binding  (Figure 3.2B). Additionally, the proteins binding to peptides   
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Figure 3.1 Development of a biochemical screen to identify novel IRF-1 binding 
proteins by peptide affinity chromatography  
(A) 20 aa peptides with an N-terminal biotin tag and a 5 aa overlap were constructed, 
spanning the entire IRF-1 protein sequence. (B) Schematic depicting the optimised 
method used to identify novel IRF-1 binding proteins from mammalian cellular 
lysate using the overlapping IRF-1 peptides.  
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Figure 3.2 IRF-1 aa 106-140 may constitute a novel protein binding interface 
(A) Eluates (20 μl) from the peptide affinity chromatography method depicted in 
Figure 3.1B were run out on 4-12% gradient gels and stained with colloidal blue. (B) 
Repeat experiment (as above) using selected IRF-1 peptides and a p21 peptide (aa 
14-34) as a control for non-specific binding; a titration of crude cellular lysate (right 
panel; 13.5, 22.5 and 33.75 μg) showed that the proteins pulled out with the peptides 
were not over-represented in the crude lysate, suggesting specific interactions.  
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7 and 21 were identified as Hsp70 family members – this is described in more detail 

in Chapter 4. Taken together, these observations prompted us to examine the peptide 

8/9 region of IRF-1 more closely, to determine whether its ability to bind to a large 

number of proteins was a reflection of its structure. 

 

 

3.2.2 IRF-1 is a highly unstructured protein 

 

The majority of the peptide 8/9 region of IRF-1 (aa 106-140), which we have named 

the Mf2 or multi-functional 2 domain, encompasses the nuclear localisation signal 

(NLS; aa 117-141) for IRF-1 (Figure 3.3A). As is characteristic of NLS sequences, 

this region is rich in basic residues (Figure 3.3A, lower panel). The large number of 

charged residues suggests that this polar region is likely to be exposed, and indeed 

early studies using a polyclonal antibody raised to full-length IRF-1 confirmed this 

[150]. When the polyclonal antibody was used to measure binding to overlapping 

IRF-1 peptides, the antibody bound strongly to the Mf2 region and the C-terminus, 

amongst others, suggesting that these regions are likely exposed in the context of the 

full-length protein (Figure 3.3B, data from [150]).  

 

Additionally, analysis of the IRF-1 sequence by the Disopred2 disorder prediction 

server reveals that the Mf2 domain region is highly disordered, with a second region 

of lower disorder probability in the C-terminus (Figure 3.3C). In fact, >30% of the 

IRF-1 protein appears to be intrinsically disordered, identifying IRF-1 as a member 

of a class of proteins described as highly unstructured (highly structured proteins: 0-

10% of the total length is unstructured; moderately unstructured: 10-30%; highly 

unstructured: 30-100%) [265].  

 

Interestingly, intrinsically unstructured proteins (IUPs) are notorious for aberrant 

behaviour in SDS-PAGE, possibly because of their unusual amino acid content, as a 

result of which they bind less SDS and therefore migrate more slowly through the gel 

than globular proteins [266]. In fact, IUPs have been shown to run at 1.3-1.8 times 

their predicted molecular weight on an SDS-PAGE gel [267]. Since  its  discovery  in  
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Figure 3.3 The Mf2 region of IRF-1 lacks a defined structure and is highly 
disordered 
(A) Schematic showing the location of the multi-protein binding site, which we have 
named Mf2 or Multifunctional domain 2 in relation to other defined domains within 
the IRF-1 protein. NLS nuclear localisation signal. Mf1 Multifunctional domain 1. 
(B) Depiction of exposed mouse IRF-1 motifs predicted by measuring the binding of 
a polyclonal antibody raised to full-length mouse IRF-1 against overlapping IRF-1 
peptides (from Schaper et al, 1998 [150]). (C) Analysis of the human IRF-1 protein 
sequence for disorder probability using Disopred2 reveals that the protein comprises 
two highly disordered regions. 
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the late 1980’s, there has been considerable debate as to whether or not IRF-1 is 

constitutively post-translationally modified in cells since the protein, which has a 

predicted molecular weight of ~36 kDa, runs at ~48 kDa on an SDS-PAGE gel. To 

address this issue, we synthesised full-length untagged IRF-1 in an in vitro cell-free 

system comprising of only the transcription and translation machinery (PURExpress 

in vitro protein synthesis kit, NEB), and showed that this protein migrates on SDS-

PAGE at a similar size to endogenous IRF-1 from A375 cells and IRF-1 expressed 

and purified from Sf9 insect cells (Figure 3.4, compare lanes 3-4 with lanes 1-2 and 

5-6). This suggests that IRF-1 in cells is unlikely to be constitutively modified, and 

its unusual mobility on an SDS-PAGE gel is possibly a characteristic of its highly 

disordered structure, rather than post-translational modifications. Thus, IRF-1 is a 

highly unstructured protein, with regions of high disorder predicted around the Mf2 

domain (i.e. the peptide 8/9 region), and the C-terminus. 

 

 

3.2.3 The intrinsically disordered Mf2 domain of IRF-1 may function as a multi-

protein binding interface 

 

Since ID domains have been described as protein-protein interaction interfaces, it is 

not unusual for the highly unstructured Mf2 domain of IRF-1 to interact with a large 

number of proteins (Figure 3.2A, see peptides 8 and 9). To determine the identity of 

these Mf2-binding proteins, three approaches were used. Colloidal blue-stained 

bands were excised from the NuPAGE gel and, on the one hand, selected bands were 

trypsin digested and analysed by LC-MS/MS as a paid-for service by the 

Fingerprints Proteomics Facility at the University of Dundee (for example, band 50* 

in Figure 3.5). In a duplicate experiment, all peptide 8/9-binding proteins were 

excised from the colloidal blue-stained gel, digested with trypsin, and identities 

confirmed by MALDI-TOF by our collaborators in the Czech Republic (Lenka 

Hernychova, Petr Halada, Jitka Zakova and Borivoj Vojtesek; Figure 3.5). Eluates 

from both A375 cells (Figure 3.5) and H1299 cells (data not shown) were analysed 

by this method. In a third experiment, the peptide affinity columns were eluted in 2D 

gel elution  buffer  rather  than sample buffer, and analysed by 2D gel electrophoresis  
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Figure 3.4 Aberrant migration of IRF-1 on SDS-PAGE 
A375 lysate (37.5 and 75 μg), IRF-1 expressed and purified using the NEB 
PURExpress in vitro protein synthesis kit (‘J-kit’; 1.5 and 3 μl), and IRF-1 purified 
from Sf9 cells infected with a plasmid bearing human IRF-1 (courtesy Sarah Meek; 
50 and 100 ng) were loaded on a 10% SDS-PAGE gel and analysed by 
immunoblotting using anti-IRF-1 mAb to confirm the size at which IRF-1 migrates 
on SDS-PAGE.  
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Figure 3.5 IRF-1 Mf2 binding proteins 
Colloidal blue stained NuPAGE gel showing IRF-1 peptide 8 and 9 (and 4 as a 
negative control) binding proteins from A375 cells. The indicated bands were 
identified by MALDI-TOF and are listed in Table 3.2. 50* TRIM28, identified by 
LC-MS/MS using the Fingerprints proteomics service at Dundee. M marker. 
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Table 3.2 IRF-1 Mf2 binding proteins – identification by mass spectrometry 
The table lists the band number (which corresponds to the numbers in Figure 3.5), 
protein name, UniProt accession number, number of peptides matched to the 
identified protein, number of unassigned peaks, sequence coverage, Mascot score of 
the identified protein, Mascot score for the highest ranked hit to a non-homologous 
protein, peptide sequences confirmed by MS/MS (MASCOT score of individual 
peptides is given in parenthesis), and molecular weight in kilodaltons MW.  
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on a pH 3-10 gradient. The gels were stained with silver nitrate, spots excised, 

digested with trypsin, and analysed using MALDI-TOF by our collaborators in the 

Czech Republic (Figure 3.6). Tables 3.2 and 3.3 list the identities of the eluted 

proteins obtained by mass spectrometric analysis of the 1D gel proteins and 2D gel 

proteins respectively. It is worth pointing out that the majority of the selected 

proteins identified using LC-MS/MS (Dundee) and using MALDI-TOF for proteins 

excised from 2D gels (Czech Republic) were also present in the extensive analysis 

performed by our collaborators (MALDI-TOF; see Figure 3.5) to identify all eluted 

Mf2 binding proteins, showing that the affinity chromatography method is 

reproducible (see Figure 3.7A).    

 

When the identified proteins were functionally clustered by keyword using the   

Database  for  Annotation, Visualization and Integrated Discovery (DAVID; 

http://david.abcc.ncifcrf.gov/ [268, 269]), it was found that although the majority of 

identified proteins were involved in protein biosynthesis (and enriched 32.39 fold in 

this data set when compared to the human proteome), there were several other 

categories that were of particular relevance to IRF-1 with respect to its role as a 

tumour suppressor (proto-oncogene, 0.95 fold enrichment), in the DNA damage 

response pathway (DNA damage, 1.13 fold enrichment) and as a transcriptional 

regulator (transcriptional regulation, 0.42 fold enrichment) (see Figures 3.7B and C). 

 

From the list of putative Mf2 binding proteins, we therefore identified a group that 

was found to be of particular interest with respect to post-translational regulation of 

IRF-1 i.e. regulatory proteins with a link to cancer. Efforts were concentrated on 

validating this selection of Mf2 interacting proteins, including NPM, TRIM28, YB-1, 

nucleolin and SET, as it was beyond the scope of this project to validate the 

interactions between IRF-1 and all the putative binding proteins identified in this 

study.  
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Figure 3.6 2D gel electrophoresis of peptide affinity chromatography eluates 
from Mf2 domain-derived peptides 
Eluates using the method depicted in Figure 3.1B (except using a urea elution buffer 
rather than sample buffer) for IRF-1 peptides 8 and 9, which make up the Mf2 
domain, were subjected to 2D gel electrophoresis across a pH 3-10 gradient. The 
labelled spots were excised, trypsin-digested and identified by MALDI-TOF (see 
Table 3.3). 
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Table 3.3 Selected IRF-1 Mf2 binding proteins identified by MALDI-TOF 
following 2D gel electrophoresis 
Spot No corresponds to numbers indicated in Figure 3.6; DTB No refers to the protein 
name in the Uniprot database; MW molecular weight of the protein; pI isoelectric 
point. 
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Figure 3.7 Functional clustering of putative Mf2 binding proteins 
(A) Venn diagram (Venn diagram plotter; http://omics.pnl.gov) showing 
reproducibility of the peptide affinity chromatography method. Circle A represents 
the preliminary mass spectrometric analysis carried out at Dundee using select bands 
from the peptide 8 and 9 eluates. Circles B (1D gels) and C (2D gels) represent the 
extensive MS analysis of the Mf2 peptides carried out in the Czech Republic. (B) and 
(C) The putative IRF-1 Mf2 binding proteins identified by MS (see Tables 3.2 and 
3.3) were analysed using the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) and classified by gene function / keyword. B Pie chart showing 
major functional clusters identified using DAVID. C Table showing the number of 
proteins in each functional cluster, the significance (P-value), and fold enrichment in 
this data set when compared to the entire human proteome. 
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3.2.4 Purification of recombinant GST-IRF-1 

 

In order to validate the direct binding of a selection of Mf2 interacting proteins to 

full-length IRF-1, I set out to purify IRF-1 and the interacting proteins from E.coli. 

As discussed in section 3.1, IRF-1 is particularly difficult to purify, given its low 

expression levels, high toxicity, and instability. Indeed, previous attempts by the Ball 

group to purify the protein using standard commercially available expression 

plasmids (pET untagged, His, FLAG, One-STREP, Myc etc) have been unsuccessful. 

Therefore, we started out by screening various IRF-1 plasmids (both tagged and 

untagged, including those for bacterial as well as mammalian cell expression) in a 

cell-free protein expression system (Figure 3.8A; Qiagen EasyXpress). As expected 

untagged IRF-1 and His, FLAG, GFP, One-STREP tagged IRF-1 proteins expressed 

poorly (Figure 3.8A, lanes 2-7). Interestingly, when expression plasmids containing 

the codon optimised (for E.coli expression) IRF-1 sequence were used, both 

untagged IRF-1 as well as GST-IRF-1 were expressed at high levels (Figure 3.8A, 

compare lanes 8 and 9 with lanes 1-7). Subsequently, I cloned the codon optimised 

IRF-1 sequence into a His-tagged expression plasmid, but although expression was 

better than the wt sequence, I was unable to purify dectectable amounts of the full-

length protein – the purified protein was highly degraded and co-purified with 

several contaminating proteins (data not shown). However, when the GST-

expression plasmid containing codon optimised IRF-1 was used, I successfully 

purified sufficient quantities of full-length N-terminal GST-tagged IRF-1 for 

detection by coomassie staining (Figure 3.8B). Although the purified GST-tagged 

protein was fairly clean, an additional band (~43 kDa) was observed on the 

coomassie stained gel (Figure 3.8B). Further analysis revealed that the band was not 

detected using a monoclonal IRF-1 antibody that binds to the central region of the 

protein (Figure 3.8C) or by a C-terminal IRF-1 antibody (data not shown). The band 

was, however, detected using an anti-GST antibody (data not shown), suggesting that 

it could represent a stable C-terminally cleaved IRF-1 degradation product that is 

lacking about two-thirds of the protein.   
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Figure 3.8 Purification of IRF-1 from E.coli 
(A) Various mammalian and coli IRF-1 expression plasmids (as indicated) were 
tested using the Qiagen EasyXpress Kit. wt wild-type sequence; opt codon optimised 
sequence. (B) Coomassie stained gel of a titration of GST-IRF-1 purified from BL21-
AI cells. M marker. *IRF-1 degradation product not detected by anti-IRF-1 BD. (C) 
Immunoblot of purified recombinant GST-IRF-1 probed with anti-IRF-1 mAb (BD). 
(B) and (C) image courtesy Sarah Meek. 
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Additionally, strategies for the purification of His-NPM, His-SET and GST-TRIM28 

were developed with slight modifications to standard His- and GST- purification 

protocols (see Chapter 2 – Materials and Methods). Figure 3.9 shows colloidal blue 

or coomassie stained gels, as well as immunoblots of purified recombinant His-NPM 

(Figure 3.9A), GST-TRIM28 (Figure 3.9B) and His-SET (Figure 3.9C). The proteins 

(except for NPM) were purified to near homogeneity, as is evident from the stained 

gels.  

 

 

3.2.5 Validation of NPM binding to IRF-1 

 

One of the Mf2 interacting proteins identified using the peptide affinity 

chromatography method described above, NPM (Nucleophosmin/B23), is a nuclear 

phosphoprotein and chaperone that has been implicated in the regulation of a number 

of transcription factors and can itself act as an oncogene [270-272]. Interestingly, 

NPM has previously been shown to interact with IRF-1 in vitro, although the binding 

site on IRF-1 for NPM is unknown (see Table 3.1, [201]). To validate the binding of 

NPM to IRF-1, we first sought to examine whether NPM could bind to the Mf2 

domain of IRF-1 when in the context of the full-length protein. As has been shown 

previously except using K562 nuclear extract, endogenous NPM from A375 cellular 

lysate binds specifically to recombinant GST-IRF-1 immobilised on glutathione-

sepharose, but not to GST alone or a GST-AGR2 negative control (Figure 3.10A). 

While this experiment shows that NPM can associate with full-length IRF-1, it does 

not address whether the interaction is direct, or whether additional cellular factors are 

required.  

 

To determine if NPM could bind directly to IRF-1, we used recombinant proteins 

purified from E.coli (see Figures 3.8 and 3.9). His-NPM bound specifically to GST-

IRF-1 immobilised on microtitre wells, but not to a GST alone control (Figure 

3.10B). Additionally, when His-NPM was immobilised on the microtitre wells and 

incubated with GST-IRF-1 (or GST) in the mobile phase, again only GST-IRF-1 but 

not GST alone bound NPM (Figure 3.10C).  
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Figure 3.9 Purification of NPM, TRIM28 and SET from E.coli 
(A) Purified His-NPM from BL21-DE3 cells. Left panel Colloidal blue stain. Right 
panel Immunoblot with anti-NPM mAb. (B) Purified GST-TRIM28 from BL21-AI 
cells. Left panel Coomassie stain. Middle panel Immunoblot with anti-TRIM28 pAb. 
Right panel Purified GST-TRIM28 was digested on column with thrombin to cleave 
off the GST tag and immunoblotted as indicated. 1, 3 Eluates after thrombin 
digestion. 2, 4 Post thrombin digestion, GST tag was eluted with reduced 
glutathione. *TRIM28 itself was digested by thrombin into 2 bands of about 50 kDa 
each. (C) Purified His-SET from BL21-AI cells. Left panel Coomassie stain. Right 
panel Immunoblot with anti-His mAb. **~34 kDa truncated SET (N-terminal 
truncation). M marker.  
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Figure 3.10 NPM binds directly to full-length IRF-1 
(A) Recombinant GST, GST-IRF-1 and GST-AGR2 (negative control) were 
immobilised on glutathione-Sepharose beads, and incubated with mammalian lysate 
for 1 h. After extensive washing, bound proteins were eluted using reduced 
glutathione and analysed by SDS-PAGE/immunoblot using anti-NPM mAb. (B) 
Recombinant GST and GST-IRF-1 (100 ng) were coated on a microtitre plate and 
incubated with a titration (0-64 ng) of recombinant His-NPM. Binding was detected 
using anti-His mAb and enhanced chemi-luminescence. Amount of protein (ng) 
against binding, expressed as relative light units (RLU) is shown. (C) As in (B) 
except NPM was coated onto the plate and GST-tagged proteins added in the mobile 
phase. Binding was detected as above but using anti-GST mAb. A, B, C The data are 
representative of at least two independent experiments. 
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Next, I sought to determine whether IRF-1 and NPM could form a complex in cells. 

First, size exclusion chromatography was used to determine whether cellular IRF-1 

and NPM co-eluted in a manner consistent with complex formation in the cellular 

environment. Using a Superose-6 column, IRF-1 from A375 cell lysate stably 

expressing pcDNA3-IRF-1 was found to elute in three distinct peaks (Figure 3.11A); 

one in the void volume (peak 1) and 2 that were included (peaks 2 and 3), indicative 

of multiple IRF-1 containing complexes. Peak 2 co-eluted with fractions that also 

contained NPM suggesting that cellular IRF-1 and NPM may be present in the same 

complex.  To provide further evidence of NPM:IRF-1 complex formation in cells, we 

captured endogenous IRF-1 from A375 cells using a monoclonal antibody (anti-IRF-

1 BD) cross-linked with Protein-G-sepharose beads using DMP – this was done to 

minimise antibody background as IRF-1 runs very close to the heavy chain. The IRF-

1 mAb cross-linked beads were incubated with A375 cell lysate and bound proteins 

analysed by immunoblot. Figure 3.11B shows the background banding pattern when 

the membrane was incubated with anti-mouse 2o alone, illustrating non-specific 

background bands in both the bead control and the IP lane (upper left panel; lanes 3 

and 2). However when the IRF-1 primary antibody was applied to the same blot 

followed by the 2o antisera a specific IRF-1 band was detected in the IP lane (lower 

left panel; lane 2) that corresponded to the IRF-1 band in whole cell lysate (lower left 

panel; lane 1). A duplicate membrane showed little background from the anti-rabbit 

2o (upper right panel); however when NPM antisera was used, NPM was shown to 

co-immunoprecipitate with IRF-1 and background binding in the bead control was 

negligible (lower right panel; compare lane 2 to lane 3). Thus, NPM and IRF-1 can 

form a complex in cells and can directly associate in vitro. 

 

 

3.2.6 NPM binds specifically to a short linear motif in the Mf2 domain of IRF-1 

 

Having established that IRF-1 and NPM can associate both in cells and in vitro, I 

proceeded to study the IRF-1:NPM interface in more detail. First, I used the panel of 

overlapping IRF-1 peptides to confirm that NPM from A375 cells bound specifically 

to IRF-1 peptide 9, but not to the other peptides in the series (Figure 
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Figure 3.11 Endogenous NPM and IRF-1 are found in a complex in cells 
(A) Lysate from A375 cells stably expressing IRF-1 was analysed by size exclusion 
chromatography. Protein from each fraction (0.5 ml) was precipitated using TCA and 
analysed by 12% SDS-PAGE/immunoblot developed using IRF-1 mAb and anti-
NPM pAb. (B) Data courtesy Yuh Ping Chong. A375 cell lysate (4 mg total 
protein/reaction) was incubated with protein-G beads alone (Bead control) or with 
protein-G beads that had been cross linked to anti-IRF-1 MAb (IP: MAb IRF-1). 
Following extensive washing bound proteins were analysed by 10% SDS-PAGE 
immunoblot together with the load (Lysate). The left panel shows the membrane 
developed initially with anti-mouse 2° alone (upper panel); the same membrane was 
then probed with anti-IRF-1 followed by the anti-mouse 2° (lower panel) to show 
specific IRF-1 bands. Right panel: the membrane was probed with anti-rabbit 2° 
alone (upper panel) and then with NPM polyclonal sera followed by the anti-rabbit 
2° (lower panel). The data is representative of two independent experiments. 
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3.12A). It is worth pointing out that in some experiments IRF-1 peptide 8 (which 

shares a 5 aa overlap with peptide 9) also bound to NPM in addition to peptide 9, 

albeit with a lower affinity. In the majority of experiments performed, however, 

peptide 9 bound exclusively to NPM. Second, the ability of peptide 9 to diminish 

NPM binding to full-length IRF-1 was measured.  When GST-IRF-1 was coated onto 

a microtitre plate and a fixed amount of His-NPM plus a titration of peptide 9 added, 

the peptide competed with full-length IRF-1 for binding to NPM (Figure 3.12B). 

However, peptide 8 and a DMSO alone control were unable to compete for binding 

at the concentrations used, suggesting that peptide 9 represents the major interface 

for NPM on IRF-1. To further confirm the requirement of the Mf2 domain for NPM 

binding to IRF-1, a mutant IRF-1 protein was generated in which the Mf2 domain (aa 

106-140) had been deleted (GST-IRF-1 Δ106-140). In a direct protein interaction 

assay, binding of NPM to the Mf2 domain deletion mutant was significantly 

impaired when compared to wild-type GST-IRF-1, suggesting that the Mf2 domain 

is required for NPM binding to IRF-1 (Figure 3.13A). It should be noted, however, 

that the Mf2 deletion mutant still showed some binding to NPM, suggesting that the 

IRF-1:NPM interface is complex and may involve additional points of contact. 

Figure 3.13B shows that equal amounts of GST, GST-IRF-1 wt and GST-IRF-1 

Δ106-140 were used in the protein interaction assay in Figure 3.13A; thus the 

observed decrease in NPM binding to the Mf2 deletion mutant is not due to an 

inconsistency in the amounts of protein loaded, or a failure of the GST antibody to 

efficiently detect the mutant protein.  

 

To further define the NPM binding interface on IRF-1, a library of peptide 9 

derivatives were generated in which each amino acid had been sequentially mutated 

to Ala (Figure 3.14A). The library was then used to generate individual affinity 

chromatography columns and the ability of NPM from A375 cell extracts to bind the 

mutant peptides was determined. This showed that NPM bound to a core motif on 

IRF-1 comprising Lys134 to Ser139 (KAKRKS), as the mutation of any of these 

residues to Ala essentially eliminated NPM binding (Figure 3.14A). It should be 

noted that some other residues, such as Lys132, also appeared to make a contribution 

to binding although they were not as critical as the core motif. Based on the results of 
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Figure 3.12 NPM binds to IRF-1 peptides based on the Mf2 domain  
(A) A panel of overlapping IRF-1 peptides spanning the entire length of the protein 
was used to generate affinity columns (see Figure 3.1B) in order to map the binding 
site of endogenous NPM from A375 cellular lysate on IRF-1. Bound proteins, 
including NPM, were eluted in sample buffer and analysed by SDS-
PAGE/immunoblot using anti-NPM mAb. The data is representative of more than 
three independent experiments. (B) GST-IRF-1 was coated onto a microtitre plate, 
following which a fixed amount of His-NPM preincubated with a titration (0-2.5 
μM) of either IRF-1 peptide 8 or peptide 9 or DMSO control was added to the plate. 
Binding was detected using an anti-His antibody and enhanced chemi-luminescence. 
Peptide concentration against binding, expressed as relative light units (RLU) is 
shown. The data is representative of at least two separate experiments. 
 

 



 142 

 

 

 

Figure 3.13 NPM binds primarily to the Mf2 domain of IRF-1 
(A) Recombinant His-NPM was coated on a microtitre plate and incubated with a 
titration (0-25 ng) of recombinant GST, GST-IRF-1 and GST-IRF-1 Δ106-140. 
Binding was detected using an anti-GST antibody and enhanced chemi-
luminescence. Amount of protein (ng) against binding, expressed as relative light 
units (RLU) is shown. (B) To ensure that equivalent amounts of all GST-proteins 
were used in (A), a titration (0-50 ng) of GST, GST-IRF-1 and GST-IRF-1 Δ106-140 
were coated on a microtitre plate and amounts detected using anti-GST and enhanced 
chemi-luminescence. Amount of protein (ng) against binding, expressed as relative 
light units (RLU) is shown. A, B The data is representative of two independent 
experiments. 



 143

the Ala scan two shorter peptides 131AKSKAKRKSC140 and 133SKAKRKSC140 were 

generated, both of which contained the core KAKRKS residues and one of which 

also contained Lys132. When these peptides were used to study binding to NPM from 

A375 cell lysate, while the 131AKSKAKRKSC140 peptide retained similar binding 

capacity to the wt peptide, the shorter 133SKAKRKSC140 peptide showed reduced 

binding suggesting that it had lost some of its affinity for NPM (Figure 3.14B). 

However, the 133SKAKRKSC140 peptide was as efficient as the wt and 
131AKSKAKRKSC140 peptides at binding to recombinant NPM when immobilised 

onto streptavidin-coated microtitre wells (Figure 3.14C). This suggests that either 

Lys132 is more important for binding to endogenous NPM than the recombinant 

protein or that the shorter peptide loses some specificity and can therefore bind to a 

greater range of cellular proteins, some of which would then compete for binding to 

NPM. However, the fact that the 133SKAKRKSC140 peptide retains significant 

activity for NPM binding suggests that the core residues are both required and 

sufficient for the interaction. As linear interaction motifs are known to be 10 aa or 

fewer in length, it therefore appears as though the Mf2 domain of IRF-1 contains a 

LIM for NPM binding, with aa 133-140 forming the core.  

 

 

3.2.7 Validation of YB-1 binding to IRF-1 

 

Having validated NPM as an IRF-1 interacting protein, I moved on to validate a 

selection of the other Mf2 domain binding proteins identified using peptide affinity 

chromatography (see Tables 3.2 and 3.3), including YB-1, as novel potential IRF-1 

binding proteins. YB-1 (Y-box binding protein 1; YBX1) is a cold shock domain 

containing transcription factor that has been implicated in DNA repair and 

translational control [273]. Additionally, it is over-expressed in a variety of cancers, 

and is believed to have oncogenic properties [273-275].  

 

I first set out to map the binding site for YB-1 on IRF-1. When A375 cell lysate was 

added to a panel of overlapping IRF-1 peptides immobilised on streptavidin- agarose, 

in accordance with the mass spectrometry data, endogenous YB-1 from the 
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Figure 3.14 NPM binds specifically to a basic linear interaction motif within the 
Mf2 region of IRF-1  
(A) Alanine substitutions were introduced into the NPM binding IRF-1 peptide 
(peptide 9; aa 121-140) so that each amino acid was sequentially mutated (lower 
panel) and used to generate a series of affinity columns. Following the isolation of 
peptide binding proteins from A375 cell lysate the eluate was analysed by SDS-
PAGE/immunoblot developed using anti-NPM mAb. (B) In order to examine 
whether an IRF-1 peptide containing only the critical binding residues identified in 
(A) was sufficient for binding to endogenous NPM from A375 cells, affinity columns 
were generated using the indicated peptides and analysed as above. IRF-1 peptides 4 
and 21 were used as controls for non-specific binding. (C) A fixed amount of the 
indicated biotin-tagged peptides was added to a microtitre plate coated with 
streptavidin and incubated with a titration (0-250 ng) of recombinant His-NPM. 
Binding was detected using His mAb and enhanced chemi-luminescence. Amount of 
protein (ng) against binding, expressed as relative light units (RLU) is shown.  
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A375 lysate bound strongly to both Mf2 domain IRF-1 peptides, but not to any other 

peptides (Figure 3.15A, compare peptides 8 and 9 with the others). It is worth noting 

that although both YB-1 and NPM can bind to the Mf2 domain, there is a difference 

in the exact interface employed by these two proteins, as while NPM binds 

preferentially to peptide 9, YB-1 interacts with both peptides 8 and 9 of the Mf2 

domain. The specificity of YB-1 binding was demonstrated using a series of peptides 

based on peptide 8 where residues which overlapped with peptide 9 (KERKS) were 

sequentially mutated to Ala. When affinity columns were prepared using these 

mutant peptides, and A375 lysate added, it was found that although substitution of 

the Ser and Glu residues had no impact on binding, the loss of a single basic amino 

acid was sufficient to significantly reduce the interaction (Figure 3.15B). We then 

proceeded to examine whether YB-1 could bind the Mf2 domain when in the context 

of full-length IRF-1. When A375 lysate was passed through a GST-IRF-1 column 

prepared by immobilising GST-IRF-1 on glutathione-sepharose, cellular YB-1 bound 

specifically to IRF-1 as it was not present in the eluate from either a GST alone 

column or a negative control column containing GST-AGR2 (Figure 3.15C). Thus, 

endogenous cellular YB-1 can interact with full-length immobilised IRF-1 protein. 

 

 

3.2.8 YB-1 represses IRF-1 activity at the TLR3 and IL-7 promoters 

 

As shown in Figure 3.15, YB-1 can bind to the Mf2 domain of IRF-1 in isolation as 

well as in the context of the full-length protein. In order to examine whether YB-1 

and IRF-1 can associate in cells, we first used size exclusion chromatography to 

determine whether cellular IRF-1 and YB-1 co-eluted in a manner consistent with 

complex formation in the cellular environment. When A375 cell lysate stably 

expressing pcDNA3-IRF-1 was added to a Superose-6 column, IRF-1 eluted in three 

distinct peaks as described previously (Figure 3.16A). Peak 2 co-eluted with 

fractions that also contained YB-1 suggesting that cellular IRF-1 and YB-1 may be 

present in the same complex. To provide additional evidence for IRF-1:YB-1 

complex formation in cells, A375 cells were transiently transfected with One-Strep 

tagged IRF-1, and the tagged protein captured using streptactin macroprep. As 
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Figure 3.15 YB-1 binds to the highly disordered Mf2 region of IRF-1 
(A) A panel of overlapping IRF-1 peptides spanning the entire length of the protein 
was used to generate affinity columns in order to map the binding site of endogenous 
YB-1 from A375 cellular lysate on IRF-1. Bound proteins, including YB-1, were 
eluted in sample buffer and analysed by SDS-PAGE/immunoblot using anti-YB-1 
pAb. (B) In order to check the specificity of YB-1 binding to the IRF-1 peptides, 
alanine substitutions were introduced into peptide 8, so that each amino acid in the 
terminal 5 aa of the 20 aa peptide (KERKS; this 5 aa sequence is common to both 
peptides 8 and 9) was sequentially mutated and used to generate a series of affinity 
columns. Following the isolation of peptide binding proteins from A375 cell lysate 
the eluate was analysed by SDS-PAGE/immunoblot developed using anti-YB-1 pAb. 
(C) Recombinant GST, GST-IRF-1 and GST-AGR2 (negative control) were 
immobilised on glutathione sepharose beads and incubated with A375 cell lysate for 
1 h. After extensive washing, bound proteins were eluted using reduced glutathione 
and analysed by SDS-PAGE/immunoblot using anti-YB1 pAb. The data is 
representative of three independent experiments.  
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demonstrated in Figure 3.16B, IRF-1 was quantitatively captured using the 

streptactin and endogenous YB-1 was found to co-elute with IRF-1, suggesting that 

IRF-1 and YB-1 are found in a complex in A375 cells.  

 

Additionally, we attempted to see if a complex containing both endogenous proteins 

could be isolated from mammalian cells. As IRF-1 runs close to the antibody heavy 

chain on SDS-PAGE we avoided heavy chain contamination by first cross-linking 

the IRF-1 MAb to protein-G beads using DMP. The IRF-1 MAb cross-linked beads 

were incubated with A375 cell lysate and bound proteins analysed by immunoblot 

using anti-IRF-1 and anti-YB-1 (Figure 3.16C). Although YB-1 gave relatively high 

background binding to the bead alone control (lower panel; lane 3) it was still 

possible to detect a significant increase in YB-1 binding when the IRF-1 MAb was 

present (lane 2), demonstrating that cellular YB-1 can be co-immunoprecipitated 

with endogenous IRF-1. Thus, cellular YB-1 can be shown to bind to IRF-1 

expressed in mammalian cells as well as IRF-1 purified from E.coli. 

 

Previous studies have shown that YB-1 modulates gene expression either directly, by 

binding to the Y-box in promoters of target genes, or indirectly through its 

association with other transcription factors (reviewed in [273]). To examine the 

effect  of  YB-1  on  IRF-1-dependent  gene  expression,  gene  reporter  assays  were 

carried out using the TLR3 and IL-7 promoters, which contain IRF-1 binding sites 

(ISRE) fused to firefly luciferase. When H1299 cells, which contain low levels of 

endogenous IRF-1, were co-transfected with fixed amounts of IRF-1, the TLR3 or IL-

7 reporter plasmids, a renilla luciferase plasmid as a control for transfection 

efficiency, and a titration of Myc-YB-1, it was found that YB-1 repressed IRF-1-

dependent activation of both the TLR3 and IL-7 promoters in a dose-dependent 

manner but not of control reporter plasmids lacking the ISRE (Figure 3.17A and B). 

The observed repression of TLR3 and IL-7-firefly luciferase does not appear to be 

through an effect on IRF-1 protein levels as these remain essentially unchanged in 

the presence of over-expressed YB-1 (Figure 3.17A and B, lower panels). Thus, YB-

1 interacts with IRF-1 in mammalian cells and this association results in the 

repression of IRF-1 activity at target genes such as IL-7 and TLR3.  
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Figure 3.16 YB-1 is found in a complex with IRF-1 in A375 cells 
(A) Lysate from A375 cells stably expressing IRF-1 was analysed by size exclusion 
chromatography. Protein from each fraction (0.5 ml) was precipitated using TCA and 
analysed by 12% SDS-PAGE/immunoblot developed using IRF-1 mAb and anti-YB-
1 pAb. (B) Immunoblot of OneStrep-IRF-1 isolated using streptactin from A375 
cells that had been transiently transfected with OneStrep-IRF-1 or empty vector as 
indicated. The immunoblots were probed for IRF-1 and YB-1 as in (A). Crude cell 
extract (CE) and flow through (FT) from the streptactin column are shown, C is a 
bead only control. (C) Data courtesy Yuh Ping Chong. A375 cell lysate (4 mg total 
protein/reaction) was incubated with protein-G beads alone (Bead control) or with 
protein-G that had been cross linked to anti-IRF-1 MAb (IP: MAb IRF-1). Following 
extensive washing bound proteins were eluted and analysed by 10% SDS-PAGE 
immunoblot together with the load (Lysate) and probed with either anti-IRF-1 MAb 
or polyclonal YB-1 sera. NS is a non-specific band picked up by the 2° antibody. 
The data is representative of two separate experiments. 
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Figure 3.17 YB-1 represses IRF-1 activity at the TLR3 and IL-7 promoters 
(A) H1299 cells were co-transfected with a TLR3-Luc reporter plasmid (wt or mutant 
lacking the ISRE; 140 ng), a control Renilla-Luc plasmid (60 ng), pcDNA3-IRF-1 
(100 ng) and a titration of myc-YB-1 (0-400 ng) as indicated. DNA amounts were 
normalised across samples using pcDNA3 empty vector. Post transfection (24 h), the 
cells were harvested and dual luciferase reporter assays performed. Results were 
normalised by expressing firefly luciferase/renilla luciferase activity in relative light 
units (RLU) as the mean +/- S.D. YB-1, IRF-1 and GAPDH (loading control) protein 
levels were detected by SDS-PAGE/immunoblot. (B) As in (A), except that a 
reporter plasmid containing firefly luciferase regulated by the IL-7 promoter (wt or 
mutant minus the ISRE) were used instead of the TLR3 reporter construct.   
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 3.2.9 Validation of TRIM28 binding to IRF-1 

 

Having validated YB-1 and NPM as IRF-1 binding proteins, we proceeded to assess 

the possible interaction between IRF-1 and TRIM28, which was identified as an Mf2 

binding protein by mass spectrometry (see Table 3.2). TRIM28 (Tripartite motif-

containing 28; also known as KAP1 [Kruppel-associated box (KRAB)] domain 

associated protein 1) is a transcriptional co-repressor for KRAB containing Zn-finger 

proteins and has recently been implicated in breast cancer metastasis [276, 277]. 

When the binding site for TRIM28 on IRF-1 was determined using overlapping IRF-

1 peptides, it was found that although TRIM28 bound primarily to the Mf2 domain 

peptide 8, it also bound weakly to peptide 9 and some N-terminal IRF-1 peptides 

(Figure 3.18A). This suggests that the IRF-1:TRIM28 interface is likely to be 

complex, involving more than one contact point. To determine whether TRIM28, 

like NPM and YB-1, could bind to the Mf2 domain in the context of full-length IRF-

1, an IRF-1 column was prepared using GST-IRF-1 immobilised on glutathione-

sepharose, and A375 lysate passed through the column. Analysis of bound proteins 

by immunoblotting revealed that while TRIM28 was eluted with the GST-IRF-1 

column, it was not found in the GST alone or negative control GST-AGR2 column 

eluates, suggesting a specific interaction with IRF-1 (Figure 3.18B). This experiment 

does not, however, demonstrate whether the interaction between the two proteins is 

direct, and to address this issue, GST-TRIM28 was purified from E.coli. Since IRF-1 

directly binds GST in our hands (unpublished data), to avoid false positives, the 

GST-tag from GST-TRIM28 was cleaved using thrombin. Additionally, untagged 

IRF-1 synthesised using the PURExpress Kit (NEB) and purified by reverse metal 

affinity chromatography was used. When the IRF-1 was coated onto a microtitre 

plate and incubated with a titration of TRIM28, it was found that the two proteins 

could interact directly (Figure 3.19A).  To determine  whether  the  Mf2  domain was 

 

                                                 
 TRIM28 was initially identified as binding to IRF-1 peptide 9, rather than 8, through LC-MS/MS 
(see Table 3.2). Of three independent approaches used to identify IRF-1 Mf2 binding proteins, 
TRIM28 was only identified in one experiment, and that too with only a single peptide match. 
However, further experiments in this thesis (Figures 3.18-3.20) have validated TRIM28 as a bonafide 
IRF-1 binding protein  



 151

 

 

 

 

 

 

Figure 3.18 TRIM28 binds to the Mf2 region of IRF-1 
(A) A panel of overlapping IRF-1 peptides spanning the entire length of the protein 
was used to generate affinity columns in order to map the binding site of endogenous 
TRIM28 from A375 cellular lysate on IRF-1. Bound proteins, including TRIM28, 
were eluted in sample buffer and analysed by SDS-PAGE/ immunoblot using anti-
TRIM28 pAb. (B) Recombinant GST, GST-IRF-1 and GST-AGR2 (negative 
control) were immobilised on glutathione-sepharose beads and incubated with A375 
cell lysate for 1 h. After extensive washing, bound proteins were eluted using 
reduced glutathione and analysed by SDS-PAGE/immunoblot using anti-TRIM28 
pAb. A, B The data are representative of at least two independent experiments. 
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a requirement for binding, we used purified recombinant GST-IRF-1 wt and an Mf2 

deletion mutant (GST-IRF-1 Δ106-140). As shown in Figure 3.19B, the deletion of 

the Mf2 domain significantly reduces TRIM28 binding to IRF-1. In fact, the Mf2 

deletion mutant shows essentially the same binding as GST alone, suggesting that the 

Mf2 domain is the major binding site on IRF-1 for TRIM28. To further investigate 

the requirement for the Mf2 domain in IRF-1:TRIM28 complex formation, we 

sought to examine whether peptide 8 could compete with wt IRF-1 for binding to 

TRIM28. When GST-IRF-1 was coated onto microtitre wells and incubated with a 

fixed amount of TRIM28 plus a titration of peptide 8, it was found that peptide 8, but 

not a control peptide or DMSO alone, could efficiently compete with the full-length 

protein for TRIM28 binding (Figure 3.19C). Thus, IRF-1 and TRIM28 interact 

directly through the Mf2 domain of IRF-1. 

 

To study whether IRF-1 and TRIM28 may associate in cells, we started out by 

performing size exclusion chromatography on A375 lysate stably expressing IRF-1 

to determine whether the two proteins co-eluted in the same fractions. As shown in 

Figure 3.20A, IRF-1 is eluted in three distinct peaks, and TRIM28 is found in 

fractions containing IRF-1 peak 2, suggesting the two proteins may be found in a 

complex in cells. We then attempted to see if the two proteins were co-

immunoprecipitated using both transfected and endogenous proteins. First, A375 

cells were co-transfected with One-Strep-IRF-1 (or empty vector) and Flag-TRIM28, 

and TRIM28 immunoprecipitated using anti-Flag M2 agarose. As shown in Figure 

3.20B, IRF-1 was co-immunoprecipitated with Flag-TRIM28. Next, complex 

formation of the endogenous proteins was demonstrated by co-immunoprecipitating 

cellular IRF-1 using an anti-IRF-1 mAb cross-linked to protein G-sepharose beads 

with endogenous TRIM28 (Figure 3.20C). The IRF-1 MAb cross-linked beads were 

incubated with A375 cell lysate and bound proteins analysed by immunoblotting. 

Figure 3.20C (left side) shows the background banding pattern when the membrane 

was incubated with anti-mouse 2o alone (upper panel) illustrating non-specific 

background bands in both the bead control and the IP lane (upper panel; lanes 3 and 

2). However when the IRF-1 primary antibody was applied to the same blot followed 

by the 2o antisera a specific IRF-1 band was detected in the IP lane (lower panel; lane 
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Figure 3.19 TRIM28 binds directly to IRF-1 
(A) A fixed amount of untagged IRF-1 synthesised using the PURExpress In Vitro 
Protein Synthesis Kit was coated onto a microtitre plate and incubated with a titration 
(0-128 ng) of recombinant TRIM28. Binding was detected using an anti-TRIM28 
antibody and enhanced chemi-luminescence. Amount of protein (ng) against binding, 
expressed as relative light units (RLU) is shown. (B) Recombinant TRIM28 was 
coated onto a microtitre plate and incubated with a titration (0-25 ng) of recombinant 
GST, GST-IRF-1 and GST-IRF-1 Δ106-140. Binding was detected using anti-GST 
mAb and enhanced chemi-luminescence. Amount of protein (ng) against binding, 
expressed as relative light units (RLU) is shown. (C) GST-IRF-1 was coated on a 
microtitre plate, following which a fixed amount of TRIM28 preincubated with a 
titration (0-2.5 μM) of IRF-1 peptide 8 or DMSO (or peptide 4 as a negative control) 
was added to the plate. Binding was detected as in (A). Peptide concentration against 
binding, expressed as relative light units (RLU) is shown. A, B, C The data are 
representative of at least two independent experiments. 
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Figure 3.20 TRIM28 is found in a complex with IRF-1 in A375 cells 
(A) Lysate from A375 cells stably expressing IRF-1 was analysed by size exclusion 
chromatography. Protein from each fraction (0.5 ml) was precipitated using TCA and 
analysed by 12% SDS-PAGE/immunoblot developed using IRF-1 mAb and anti-
TRIM28 pAb. (B) Immunoblot of Flag-TRIM28 immunoprecipitated with anti-Flag 
antibody from A375 cells transiently transfected with 2 μg each of Flag-TRIM28, 
OneStrep-IRF-1, or empty vector as indicated. DNA levels were normalised using 
pcDNA3 empty vector. The immunoblots were probed for IRF-1 and Flag-TRIM28 
as in (A). CE is the whole cell extract. (C) Data courtesy Yuh Ping Chong. A375 cell 
lysate (4 mg total protein/reaction) was incubated with protein-G beads alone (Bead 
control) or with protein-G that had been cross linked to anti-IRF-1 MAb (IP: MAb 
IRF-1). Following extensive washing bound proteins were analysed by 10% SDS-
PAGE immunoblot together with the load (Lysate). The left panel shows the 
membrane developed initially with anti-mouse 2° alone (upper panel); the same 
membrane was then probed with anti-IRF-1 followed by the anti-mouse 2° (lower 
panel) to show specific IRF-1 bands. Right panel: the membrane was probed with 
anti-rabbit 2° alone (upper panel) and then anti-TRIM28 followed by anti-rabbit 2°.  
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2) that corresponded to the IRF-1 band in whole cell lysate (lower panel; lane 1). A 

duplicate membrane showed little background from the anti-rabbit 2o (right side, 

upper panel) however when TRIM28 (lower panel) antisera was used, TRIM28 was 

shown to co-immunoprecipitate with IRF-1 and background binding in the bead 

alone control was negligible (compare lane 2 to lane 3). Thus, TRIM28 and IRF-1 

form a complex in cells, and the Mf2 domain appears to be the major binding site on 

IRF-1 for TRIM28.  

 

 

3.2.10 Validation of other Mf2 binding proteins 

 

In addition to establishing that NPM, TRIM28 and YB-1 can associate with IRF-1 

both in cells and in vitro, we sought to confirm the interactions of IRF-1 with a 

couple of other putative Mf2 interacting proteins identified by mass spectrometry 

including SET and nucleolin (see Tables 3.2 and 3.3). Nucleolin/C23 is of particular 

interest as it has been shown to interact with NPM/B23, is frequently expressed on 

the cell surface of cancer cells, and has also been characterised as an IRF-2 binding 

protein [53, 278]. SET is a multifunctional protein that is over-expressed in Wilms 

tumour and some lymphoid cancers [279, 280]. It is a potent inhibitor of protein 

phosphatase 2A, that is involved in cell proliferation, and has also been shown to 

function in apoptosis [281, 282]. I first set out to map the nucleolin binding site on 

IRF-1 using peptide affinity chromatography. When overlapping IRF-1 peptides 

were immobilised on streptavidin-agarose and A375 lysate added, nucleolin from the 

cell lysate bound specifically to peptides 8 and 9 of the Mf2 domain, as expected 

from the mass spectrometry data, and weakly to the C-terminal peptide 21 (Figure 

3.21A). To determine whether nucleolin could associate with full-length IRF-1, a 

GST-IRF-1 column was prepared by immobilising GST-IRF-1 on glutathione-

sepharose and A375 cell lysate was added to the column. After extensive washing, 

bound proteins were eluted using reduced glutathione and analysed by SDS- 

                                                 
 Wilms’ tumour is a cancer of the kidneys that occurs more commonly in children (under the age of 
5) than in adults. It is usually removed by surgery, if discovered early 
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Figure 3.21 Nucleolin/C23 binds to full-length IRF-1 
(A) A panel of overlapping IRF-1 peptides spanning the entire length of the protein 
was used to generate affinity columns in order to map the binding site of endogenous 
C23 from A375 cellular lysate on IRF-1. Bound proteins, including C23, were eluted 
in sample buffer and analysed by SDS-PAGE/ immunoblot using anti-C23. (B) 
Recombinant GST, GST-IRF-1 and GST-AGR2 (negative control) were immobilised 
on glutathione-sepharose beads and incubated with A375 cell lysate for 1 h. After 
extensive washing, bound proteins were eluted using reduced glutathione and 
analysed by SDS-PAGE/immunoblot using anti-C23. The data are representative of 
two independent experiments. (C) Lysate from A375 cells stably expressing IRF-1 
was analysed by size exclusion chromatography. Protein from each fraction (0.5 ml) 
was precipitated using TCA and analysed by 12% SDS-PAGE/immunoblot 
developed using IRF-1 mAb and anti-C23.  



 157

PAGE/immunoblot. As shown in Figure 3.21B, nucleolin from the A375 cell lysate 

bound specifically to the IRF-1 column, but not to a GST alone column or GST-

AGR2 column, which was used as a negative control. Evidence was also sought to 

determine whether the two proteins could interact in cells, and for this size exclusion 

chromatography was used. When A375 cell lysate stably expressing pcDNA3-IRF-1 

was added to a Superose-6 column, IRF-1 was eluted in three distinct peaks, one in 

the void volume (peak 1) and 2 that were included (peaks 2 and 3). Peaks 2 and 3 co-

eluted with fractions that also contained nucleolin suggesting that cellular IRF-1 and 

nucleolin may be present in the same complex in cells. Thus, nucleolin interacts with 

IRF-1 in vitro possibly through binding to the Mf2 domain, and may be present in a 

complex with IRF-1 in cells. 

 

Owing to the lack of good commercial antibodies against protein SET, we were 

limited to analysing the interaction between IRF-1 and SET in vitro, using purified 

tagged proteins. First, the direct interaction of IRF-1 with SET was confirmed using 

a protein interaction assay. When His-SET was coated on a microtitre plate and 

incubated with a titration of GST alone or GST-IRF-1, it was found to bind 

specifically to GST-IRF-1 but not GST alone (Figure 3.22A). The assay was also 

performed by coating GST or GST-IRF-1 on the microtitre wells and adding His-

SET in the mobile phase (Figure 3.22B). Second, to determine whether the Mf2 

domain was required for this interaction, an Mf2 deletion mutant was used (GST-

IRF-1 Δ106-140) in the protein interaction assay above. Binding of the Mf2 deletion 

mutant was significantly impaired when compared to wt GST-IRF-1, suggesting that 

the Mf2 domain is a major interface for IRF-1:SET complex formation (Figure 

3.22C).  

 

Thus, the highly unstructured Mf2 domain of IRF-1 appears to be a multi-protein 

binding site containing distinct but overlapping motifs for binding to NPM, YB-1, 

TRIM28, SET and nucleolin. Accordingly, although NPM, YB-1 and TRIM28 can 

associate with the Mf2 domain in cells and in vitro, NPM shows a high affinity for a 

linear motif within peptide 9, while TRIM28 preferentially binds peptide 8 and YB-1 

binds to both peptides 8 and 9.  



 158 

 
  

Figure 3.22 Protein SET binds directly to full-length IRF-1 
(A) A fixed amount of recombinant His-SET was coated onto a microtitre plate and 
incubated with a titration (0-128 ng) of GST or GST-IRF-1. Binding was detected 
using an anti-GST antibody and enhanced chemi-luminescence. Amount of protein 
(ng) against binding, expressed as relative light units (RLU) is shown. (B) As in (A) 
except GST or GST-IRF-1 was coated, and His-SET (0-128 ng) was added in the 
mobile phase. Binding was detected as above except using an anti-His antibody. (C) 
Recombinant His-SET was coated onto a microtitre plate and incubated with a 
titration (0-25 ng) of recombinant GST, GST-IRF-1 and GST-IRF-1 Δ106-140. 
Binding was detected as in (A). A, B, C The data are representative of at least two 
independent experiments.  
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3.3 Discussion 

 

Up to a third of all eukaryotic proteins have unstructured regions or ID domains and 

this has led to the coining of the term ‘unfoldome’ to represent that part of the 

proteome that is primarily unfolded [265, 283]. Studies have shown that proteins 

involved in signalling as well as disease-related proteins contain disproportionately 

large numbers of ID domains, suggesting that these regions are of particular 

importance in their function [284, 285]. In fact, disorder is so highly prevalent in 

disease-related proteins that this observation is now referred to as the disorder in 

disorders concept (D2) [285]. ID domains are believed to be advantageous to proteins 

involved in signalling as they favour high specificity / low affinity interactions, allow 

for faster association / dissociation, and promote diversity by allowing interactions 

with multiple partners, usually through short linear interaction motifs (LIMs) within 

the ID domain [286]. As an example, the tumour suppressor protein p53 is known to 

interact with about 300 proteins, and a considerable number of these interactions are 

through regions of intrinsic disorder within the p53 protein [286, 287].  

 

With > 30% of its protein sequence predicted to be disordered (Figure 3.3B), IRF-1 

belongs to a group of proteins known as highly unstructured proteins [265]. In fact, 

IRF-1 appears to have many of the distinguishing features of intrinsically disordered 

proteins or IUPs [265, 266]: (i) it shows an aberrant behaviour on SDS-PAGE 

migrating at ~48 kDa rather than its predicted size of ~36 kDa (Figure 3.4), (ii) it is 

expressed at very low levels in cells [41], (iii) its mRNA is highly unstable, possibly 

due to the presence of an AUUUA motif in the 3’ UTR [45], (iv) the IRF-1 protein is 

very short-lived, with a half-life of about 30 min [157, 166], (v) the IRF-1 promoter 

lacks a defined TATA box [27, 48], and (vi) it has a number of predicted PEST 

motifs, some of which are in the unstructured Mf2 domain (Figure 1.10).  

 

As mentioned above, ID domains often contain LIMs, which are 3-10 amino acids in 

length [248]. Unlike globular domains, LIMs are very hard to identify using 

sequence comparison software owing to their short length and the fact that very often 

only a few of the residues within the LIM are critical for binding, thereby giving rise 
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to considerable degeneracy in consensus sequences [248]. Although there are now 

several software programs available that screen for known LIMs within input 

sequences with a fair accuracy, it is extremely difficult to identify novel LIMs or 

LIMs not listed in the available databases [288, 289]. Figure 3.23 shows the 

predicted LIMs in IRF-1 using one such program, the ELM (eukaryotic linear motif) 

resource [289]. It is worth noting that the majority of the available software programs 

tend to screen for regions of disorder rather than individual LIMs, based on the 

observation that some amino acids (Pro, Glu, Ser, Lys, Gln, His, Asp, Arg, Gly, Ala) 

are disorder promoting [290]. Experimental approaches to identify LIMs include 

peptide phage display, which the Ball and Hupp groups have successfully employed 

in the past (unpublished observations). To further our knowledge of IRF-1 structure-

function and to expand on the IRF-1 interactome, in this study we have developed an 

affinity chromatography method using IRF-1 based aptamers to identify novel LIMs 

on IRF-1 and to identify proteins binding to these motifs (Figure 3.1B).  

 

Interestingly, we found that a large number of proteins from A375 cell lysate bound 

to peptides 8 and 9 of IRF-1, which correspond to the highly disordered Mf2 domain 

(Figure 3.2A). This region could therefore form a multi-protein binding interface on 

IRF-1. Mass spectrometric analysis of the eluted proteins identified tens of putative 

IRF-1 interacting proteins (Tables 3.2 and 3.3) including NPM and CK2, which have 

been previously shown to associate with IRF-1 [201, 259]. This observation 

encouraged us to validate the binding of a subset of novel Mf2 binding proteins 

including YB-1 and TRIM28, both of which have been implicated in transcriptional 

regulation and cancer development [273-277]. Additionally, we decided to examine 

the interaction between IRF-1 and NPM in more detail, as although studies have 

suggested that NPM can repress IRF-1 transcriptional activity, the interaction is 

essentially uncharacterised at the molecular level [201]. It is worth noting that of the 

list of putative Mf2 binding proteins, the majority (> 40%) were ribosomal proteins 

(Table 3.2 and Figure 3.7). As NPM is intimately involved in ribosome biogenesis 

and has been recently shown to associate predominantly with ribosomal proteins 

[291], it is conceivable that the majority of ribosomal proteins identified as binding 

to the Mf2 could, in fact, be associated with NPM.  
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Figure 3.23 Predicted IRF-1 linear interaction motifs 
IRF-1 linear interaction motifs predicted using the ELM resource (http://elm.eu.org).  
 
 

http://elm.eu.org/�
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Using a number of in vitro and cell-based assays, we show that NPM binds directly 

to IRF-1 through a short linear motif in the Mf2 domain with amino acids 133-140 

being sufficient to form a stable interaction and to compete for binding with full- 

length IRF-1 (Figures 3.10 - 3.14). Interestingly, the NPM binding motif lies within 

the nuclear localisation sequence (NLS) of IRF-1 and previous studies have 

demonstrated binding of NPM to the NLS of viral proteins including SV40 T-antigen 

[292, 293]. The finding that NPM has a propensity to bind the NLS of target proteins 

suggests that it may be involved in chaperoning some proteins into the nucleus or in 

chaperoning substrates to ensure that inappropriate interactions with the basic surface 

of the NLS are prevented. Although NPM binding to IRF-1 has been demonstrated to 

inhibit IRF-1 DNA binding [201], preliminary data from the Ball group suggests that 

NPM may in fact be essential for nuclear localisation of IRF-1, as AML cells (AML-

3) with mutant NPM (localised in the cytoplasm rather than the nucleus; see below) 

also show aberrant IRF-1 localisation (Yuh Ping Chong and Kathryn Ball, 

unpublished observations). The exact role of NPM in IRF-1 function therefore needs 

to be examined more closely, bearing in mind the fact that altered levels of NPM 

may induce drastically opposing effects as described below.  

 

There appears to be considerable speculation on whether NPM functions as a proto-

oncogene or a tumour suppressor. It is frequently over-expressed in many types of 

cancers including gastric, colon, ovarian and prostate cancers and cells over-

expressing NPM have been shown to be resistant to DNA-damage induced apoptosis 

[294]. Indeed, the inhibition of NPM oligomerisation using small molecules results 

in increased p53 phosphorylation and increased apoptosis in a variety of cancer cell 

lines [295]. On the other hand, NPM1 (the gene encoding NPM) is one of the most 

commonly mutated genes in AML, with around 35% of all AML cases showing 

NPM1 mutations and aberrant cytosolic localisation of the mutant protein [296]. 

NPM has also been implicated in growth suppression pathways through its 

interaction with ARF – it has been shown to stabilise ARF (an inhibitor of the p53 

Ub-E3 ligase Mdm2), and in fact, when NPM levels are decreased to less than 50%, 

ARF levels are markedly reduced ([297] and unpublished observation in [298]). 

Thus, it appears as though cellular levels of NPM may be crucial in determining its 
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function and it is possible that NPM has both proto-oncogenic and tumour-

suppressive roles [298]. NPM is also involved in ribosome biogenesis and acts as a 

molecular chaperone for both nucleic acids and proteins (reviewed in [298]).  

 

Of the other proteins identified in this screen we chose to concentrate on YB-1 and 

TRIM28 based on the fact that they have been previously implicated in the regulation 

of transcription and have additionally been linked to cancer development [273-277]. 

YB-1 is one of the most evolutionarily conserved nucleic acid binding proteins 

known, with its cold shock domain showing a 40% homology with bacterial cold 

shock proteins [273]. It is frequently over-expressed in cancer cells, and 

correspondingly YB-1 knockdown by siRNA has been shown to cause a drastic 

inhibition of cell growth (reviewed in [273]). YB-1 binds to the sequence motif 

CTGATTGG (Y-box) and activates or represses target genes [273, 299, 300]. It is 

interesting to speculate that YB-1 may directly affect IRF-1 transcription as the IRF-

1 promoter contains an inverted CCAAT (ATTGG) motif that is included in the Y-

box (Y-box and IRF-1 promoter alignments were performed with ClustalW2 using 

the IRF-1 promoter sequence in [48]). 

 

YB-1 has been shown to interact with other proteins primarily through its C-terminal 

interaction domain which comprises alternate basic and acidic patches (reviewed in 

[273]). Although our data does not necessarily imply a direct interaction between 

YB-1 and IRF-1, if YB-1 does indeed bind directly to the highly basic Mf2 domain 

of IRF-1, it is likely that this association is via electrostatic interactions with the 

acidic patch at the C-terminal protein-interaction domain in YB-1. Our data shows 

that YB-1 and IRF-1 are associated in a complex in cells (Figure 3.16), and that YB-

1 can repress IRF-1 dependent gene activation (Figure 3.17). It will be interesting to 

investigate whether this effect is dependent on both IRF-1 and YB-1 DNA-binding, 

or whether YB-1 prevents the binding of IRF-1 to its target promoters.  

 

TRIM28 (also known as KAP-1 or transcription intermediary factor β, TIFβ) is a co-

repressor that binds to KRAB (Kruppel-associated box) domain-containing proteins, 

which function primarily as transcriptional silencers [301].  It has been shown to 
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promote p53-HDAC1 complex formation, thereby reducing p53 acetylation [302]. In 

fact, TRIM28 knock-down by siRNA resulted in a striking enhancement of p21 

induction and cell-cycle arrest after γ-irradiation [303]. Additionally, TRIM28 is 

often over-expressed in gastric cancers and its knock-down by siRNA results in 

reduced proliferation and decreased resistance to cell death in these cells [304]. In 

this study we provide evidence for the direct interaction between TRIM28 and the 

Mf2 domain of IRF-1. We show that endogenous IRF-1 and TRIM28 are found in a 

complex in A375 cells, and demonstrate that the Mf2 domain is essential for this 

interaction and can effectively compete with the full-length protein for TRIM28 

binding in vitro (Figures 3.18-3.20). Given its function as a co-repressor, it will be 

interesting to determine whether TRIM28 is involved in IRF-1-dependent repression 

of target genes such as Cdk2. Additionally, the PHD domain of TRIM28, which is 

highly similar to the RING domain of E3 ligases, has been shown to function as an 

intra-molecular SUMO E3 ligase, mediating the SUMOylation of the C-terminal 

bromodomain of TRIM28 [232]. It will therefore also be attractive to study whether 

the PHD domain of TRIM28 can function as a SUMO E3 ligase for other proteins, 

including IRF-1, whose activity is known to be regulated by SUMOylation [262, 

263].      

 

Interestingly, although YB-1 and TRIM28, like NPM, can bind to the Mf2 and have 

binding motifs which overlap, they also display considerable differences. For 

example YB-1 can interact with both peptide 8 and peptide 9 of IRF-1 whereas 

TRIM28 binds preferentially to peptide 8, although it should also be noted that it can 

interact weakly with peptides from other regions of IRF-1, suggesting the possibility 

of a more complex TRIM28:IRF-1 interface. In contrast, and as discussed above, an 

8 amino acid sequence from peptide 9 of IRF-1 is sufficient for NPM binding. This 

suggests that the Mf2 domain of IRF-1 comprises a protein binding interface where 

multiple proteins can interact through the recognition of distinct but overlapping 

motifs. Thus, it may be possible to design peptidic molecules based on the Mf2 

domain that discriminate between binding of different regulatory factors. Such 

molecules could be useful tools in a chemical genetics approach to evaluate the 

contribution of individual regulatory factors to IRF-1 mediated growth control and 
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tumour suppression in cells. As short linear motifs have proven difficult to identify 

using both bioinformatics and experimental approaches [248], the results presented 

in this chapter suggest that the use of affinity chromatography with peptide aptamers 

from known ID domains or whole proteins could provide valuable insight into 

critical interfaces and their potential binding partners. 
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CHAPTER 4: COOPERATIVE REGULATION OF IRF-1 BY THE 

MOLECULAR CHAPERONES HSP70 AND HSP90 

 

 

4.1 Introduction 

 

Molecular chaperones are a group of proteins whose primary role is to aid in the 

correct folding of cellular proteins. There are several molecular chaperone families 

including the small heat shock proteins, heat shock protein 70 (Hsp70), 90 (Hsp90), 

60 (Hsp60) and 110 (Hsp110), calnexin and calreticulin [305, 306]. Calnexin and 

calreticulin play important roles in the maturation of glycoproteins in the 

endoplasmic reticulum (ER), while heat shock protein members have been shown to 

function in the cytosol and various organelles including the nucleus, lysosome, 

mitochondria and chloroplast as described below.  

 

 

4.1.1 Heat shock proteins 

 

As early as the 1970’s, it was observed that cellular levels of a group of proteins was 

enhanced after exposure to heat stress and these proteins were tentatively named heat 

shock proteins or Hsp’s [307]. Since then, much effort has been put into studying the 

heat shock response and Hsp’s, and through these studies it was found that Hsp’s 

play an important role in protecting cells from some stresses including heat shock 

[308]. Like other molecular chaperones, Hsp’s aid in the folding of nascent 

polypeptides, and prevent protein aggregation both under stress and normal growth 

conditions [308, 309]. Additionally, several family members have been shown to 

have more specific functions including targeting misfolded proteins for lysosomal or 

proteosomal degradation, transporting proteins across cellular membranes, etc [309]. 

Under stress conditions, the expression of heat shock proteins is upregulated by the 

transcription factor HSF1 (Heat shock factor 1) [310]. Owing to their critical role in 

protection under stress conditions, the heat shock genes have evolved so that they are 

selectively translated in stressed cells. To this effect, their mRNAs have regions in 
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the 5’ UTR that aid in translational efficiency as well as in the 3’ UTR that increase 

stability; additionally the mRNAs usually lack introns [308].  

 

Heat shock proteins are classified by their molecular weights – for example Hsp90 is 

a heat shock protein of approximately 90 kDa – and they tend to be highly conserved 

across species. In fact, human Hsp70 shows about 50% identity with its E.coli 

homolog [308]. This introduction gives a brief overview of the Hsp70 and Hsp90 

chaperone families with respect to their cellular functions and molecular structure.  

 

 

4.1.2 Hsp70 

 

The human Hsp70 family consists of 8 members, 6 of which reside in the cytosol 

(proteins encoded by HSPA1A, HSPA1B, HSPA1L, HSPA8, HSPA2 and HSPA6) 

while Bip/Grp78 (Hsp70-5) resides in the ER and mtHsp70/Grp75 (Hsp70-9) in the 

mitochondria [311].  HSPA1A and HSPA1B are almost identical genes that encode 

Hsp70-1A and -1B; these proteins are usually collectively referred to as ‘Hsp70’ or 

‘Hsp72’ or ‘inducible Hsp70 (iHsp70)’ [311]. HSPA8 encodes Hsc70 or Hsp73 

(Hsp70-8), the constitutively expressed Hsp70 family member that is expressed in all 

cell types [311]. Hsp70t (encoded by HSPA1L) and Hsp70-2 (encoded by HSPA2) 

are expressed primarily in the testis [312], while the poorly studied Hsp70B (Hsp70-

6, encoded by HSPA6) appears to be expressed only under extreme stress conditions 

[313].  

 

4.1.2.1 Hsp70 functions 

Hsp70 family proteins have a broad range of functions including: (i) folding nascent 

polypeptides / non-native protein intermediates to the native or active state (‘folder’ 

activity), (ii) preventing protein aggregation by binding to hydrophobic patches on 

proteins (‘holder’ activity), (iii) locking proteins such as those involved in signal 

transduction and apoptosis in an inactive conformation, from which they can be 

rapidly activated upon exposure to appropriate signals, (iv) assembling multi-protein 

complexes, (v) transporting proteins across cell membranes and (vi) targeting 
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misfolded proteins for degradation (reviewed in [308, 309]). Additionally, it has been 

observed that Hsp70’s tend to preferentially associate with mutant proteins (such as 

mutant p53) rather than the wild type [314]. It is believed that this allows the mutant 

protein to fold (and therefore function) in a similar manner to the wt protein or if 

required, to target the mutant protein for degradation [309]. Thus, Hsp70 proteins 

play a key role in the ‘protein triage’ – i.e. deciding whether a protein should be 

folded or degraded. Given that Hsp70’s are dramatically upregulated upon exposure 

to cellular stresses, they are often over-expressed in cancer cells, and this is reflected 

in high malignancy and a resistance to apoptosis [309, 315]. In fact, studies have 

shown that down-regulation of iHsp70 by siRNA in some cancer cells induces cell 

death [316]. A recent study has identified a small molecule inhibitor of iHsp70 called 

2-Phenylethynesulfonamide (PES) that binds to the substrate binding domain of 

Hsp70 (but not Hsc70 or BiP) and disrupts iHsp70 association with co-chaperones 

(see below) such as Hsp40 and CHIP [317]. Treatment of cultured cancer cells with 

PES was shown to result in cell death, while PES treatment of a mouse model of 

lymphoma reduced tumour growth and enhanced cell survival by 50% [317]. 

Conversely, decreased cellular Hsp70 levels have been implicated in a variety of 

neurodegenerative disorders such as Alzheimers, Parkinsons and Huntingtons, which 

are caused by neuronal cell death from excessive protein aggregation (reviewed in 

[309]). This is possibly because of Hsp70’s crucial role in preventing protein 

aggregation and indeed, in many model systems, these disease symptoms were 

reverted by the over-expression of Hsp70 and its co-chaperones [309, 318].         

 

4.1.2.2 Hsp70 structure 

Hsp70 has two principal domains – an N-terminal nucleotide binding domain with 

ATPase activity and a C-terminal substrate binding domain (reviewed in [309, 319]). 

The two domains are connected by a ‘linker’ sequence. The ATP binding domain 

comprises 2 large globular domains (I and II) further divided into 4 subdomains (IA, 

IB, IIA and IIB) that form a nucleotide binding cleft, while the substrate binding 

domain contains a β-subdomain and an α-helical lid that ‘traps’ the substrate  within  

the  substrate  binding  groove  (Figure 4.1A). Early studies showed that  both  

domains  could  function  in  isolation, although  it  was  found  that  ATP  hydrolysis 
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Figure 4.1 Hsp70 structure (from Saibil et al, 2008 [319]) 
(A) Left: The nucleotide binding domain (NBD) of Hsp110 with bound ATP (space-
filling model), showing the surface cleft between subdomains Ia and IIa. Right: The 
substrate binding domain (SBD) of the E. coli Hsp70, DnaK, with an extended 
peptide (cyan) in the binding site formed by loops of the β-subdomain (blue). The α-
helical lid subdomain is shown in red, with the first helical segment in orange and 
indicated by a black bracket. (B) The complete structure of Hsp110/Sse1, showing 
the linker segment (purple) binding in the NDB cleft and the NBD (green) closed 
around the bound ATP. 
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resulted in increased substrate binding and conversely substrate binding favoured 

nucleotide exchange (ADP for ATP), suggesting that the two domains must 

communicate with each other (reviewed in [309, 319]). Recently, crystal structures 

for bovine Hsc70 lacking only the extreme C-terminal α-helical lid of the substrate 

binding domain (i.e. almost full-length) in the nucleotide free state, and of full-length 

yeast Sse1/Hsp110 (which is structurally very similar to human Hsp70) in the ATP 

bound state have been determined [320, 321]. The crystal structure of yeast Sse1 in 

complex with ATP shows an unusual orientation of the α-helical lid in the ATP-

bound state; rather than lie folded over the β-subdomain of the substrate binding 

domain, the lid appears to be in an ‘open’ conformation and directly contacts the 

ATP binding domain (Figure 4.1B) [321]. This observation finally gives structural 

confirmation for an allosteric communication between the two Hsp70 domains, and 

based on their results the authors have proposed a modified Hsp70 ATP cycle, which 

is depicted in Figure 4.2.  

 

It is believed that Hsp70 function is regulated by proteins called co-chaperones that 

directly bind to and affect its ATPase activity or substrate binding activity (reviewed 

in [309, 321]; see below for overview). Prominent Hsp70 co-chaperones include 

Hsp40 and other J-domain proteins that enhance ATP hydrolysis and therefore 

promote stable interactions with substrates. In fact, in the case of E.coli DnaJ 

interaction with DnaK, the enhancement is >1000 fold! The co-chaperone Bag-1 

functions as a nucleotide exchange factor, allowing for the exchange of ADP for 

ATP and thereby initiating a new ATP cycle. It also contains an ubiquitin-like 

domain, suggesting that it may directly link Hsp70 to the proteasome. However, 

studies have suggested that Hsp110 may be the principal nucleotide exchange factor 

for eukaryotic Hsp70 [321]. Hip (Hsp interacting protein) is a co-chaperone that is 

believed to stabilise the ADP-bound Hsp70 state; it therefore prevents premature 

substrate release possibly by competing with Bag-1 for Hsp70 binding. The Hsp70 

co-chaperone Hop (Hsp organising protein) is believed to promote Hsp70-Hsp90 

complex formation by directly interacting with the C-terminal EEVD motif of both 

Hsp70 and Hsp90 simultaneously through its TPR or tetratricopeptide repeat 

domains.  Lastly, CHIP (Carboxy-terminus of Hsc70 interacting protein) is an Hsp70  
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Figure 4.2 Hsp70 ATP cycle (from Liu et al, 2007 [321]) 
Schematic for the Hsp70 chaperone cycle in the eukaryotic cytosol. Hsp70 outline 
was inferred from the structure of the very similar Hsp110 – see Figure 4.1B. 
Outlines are coloured: NBD (blue), linker (purple), SBD β-subdomain (green), SBD 
α- subdomain or lid (red), polypeptide substrate (black), Hsp40 and Hsp110 
components (orange). Hsp110 is drawn in the Sse1(ATP) conformation. It is not 
clear where Hsp110 preferentially leaves the cycle as it may participate at multiple 
stages. 
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co-chaperone that functions as an Ub-E3 ligase targeting Hsp70 client proteins for 

proteasomal degradation.   

 

 

4.1.3 Hsp90 

 

The Hsp90 protein family, like the Hsp70 family, is highly conserved, and accounts 

for 1-2% of the total cellular protein under non-stress conditions [322]. Bacteria tend 

to have a single Hsp90 protein known as HtpG (High temperature protein G), while 

eukaryotes have several Hsp90’s including two major cytosolic Hsp90 isoforms,  

Hsp90AA1 (Hsp90α; inducible) and Hsp90AB1 (Hsp90β; constitutive); Grp94, 

present in all eukaryotic ER except fungi; TRAP1 (Tumour necrosis factor receptor 

associated protein 1) present in mitochondria; and an Hsp90 homolog found in the 

chloroplasts of some plant species (reviewed in [323]). In 2002, a third cytosolic 75 

kDa Hsp90 was identified (Hsp90N) in which the N-terminus is replaced by a short 

hydrophobic sequence; this Hsp90 protein has recently been implicated in cellular 

transformation ([324]).  

 

4.1.3.1 Hsp90 functions 

It is now largely believed that unlike other molecular chaperone families, Hsp90 

proteins do not primarily function in folding, but rather allow for subtle changes in 

the conformation of client proteins, which then enables the clients to associate with 

other proteins or ligands [325]. Examples include the stabilisation and ligand binding 

of steroid hormone receptors through Hsp90 in a process that also requires Hsp70 

and Hop to load the client receptor proteins on to Hsp90, and the activation of 

various kinases through interactions with Hsp90 and its co-chaperone Cdc37 

(reviewed in [325]). Additionally, Hsp90 interacts with several key nodal proteins 

that in turn bind to a large number of other proteins, thereby forming hubs. Examples 

of such Hsp90 clients include the tumour suppressor p53 as well as oncogenesis-

associated proteins like CDK2 and CDK4 that are involved in growth control, and 

HIF, VEGF and MET that play a role in angiogenesis (see [326]). As a result, 

inhibiting Hsp90 function is a very attractive option in the treatment of cancers as 
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this will simultaneously target several pathways (reviewed in [326]). Indeed, 

designing Hsp90 small molecule inhibitors has been the focus of several laboratories 

for the past ten years or so, and currently one such inhibitor 17AAG (17-allylamino-

17-demethoxygeldanamycin) is in Phase II clinical trials [327]. 17AAG is a synthetic 

derivative of the antibiotic geldanamycin, which was first isolated from Streptomyces 

hygroscopicus in 1970 [328]. It is more soluble and less toxic than the parent 

compound, and inhibits Hsp90 activity by blocking its ATP binding site [237].    

 

Interestingly, 17AAG and other Hsp90 inhibitors appear to specifically target cancer 

cells and not untransformed cells in spite of the fact that untransformed cells express 

high levels of Hsp90, making these inhibitors very appealing in cancer treatment 

(reviewed in [326]). Although the exact mechanism for the selective targeting of 

cancer cells by 17AAG is unknown, various hypotheses have been put forward. 

Firstly, Hsp90 has been shown to be highly active in cancer cells when compared to 

untransformed cells. It has been suggested that this enhanced ATPase activity, 

together with the observation that the active Hsp90 is present primarily in multi-

protein complexes may be responsible for an increased affinity and thus greater 

sensitivity for 17AAG [329]. Secondly, tumour cells often over-express DT-

diaphorase or NAD(P)H:Quinone oxidoreductase I (NQO1), which metabolises 

17AAG into its hydroquinone. The 17AAG hydroquinone binds to Hsp90 more 

tightly than 17AAG itself, thereby resulting in a greater inhibition of Hsp90 in cells 

over-expressing DT-diaphorase. Additionally, the hydroquinone derivative is also 

more soluble (aqueous), as a result of which it cannot cross the cell membrane and is 

thus ‘trapped’ within the cell [326, 330]. Lastly, it is believed that different post-

translational modification states of Hsp90 may exist in cancer cells versus 

untransformed cells and this may play a role in sensitising cancer cells to Hsp90 

inhibition by 17AAG (unpublished observations by Petr Müller and Borek Vojtesek, 

[326]).  

 

It is worth noting that both Hsp90 and Hsp70 family members have been observed in 

the plasma membrane and the extra-cellular matrix (ECM; reviewed in [305]). While 

initially thought to be specific to cancer cells, their presence in the ECM was later 
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shown in untransformed cells as well [305]. Further studies showed that this extra-

cellular Hsp possibly functions as a cytokine, giving rise to the term ‘chaperokine’ to 

denote the dual role of Hsp’s in chaperoning and as cytokines (see [305]). Indeed, 

ECM Hsp’s have been shown to induce the activation of antigen presenting cells 

(APC’s) such as macrophages and dendritic cells [305]. It has been postulated that 

these ECM Hsp’s act as carriers that deliver antigenic peptides to APC’s, given the 

chaperone activity of Hsp’s (reviewed in [305]). Thus, Hsp’s appear to have a much 

broader range of functions than was originally believed. 

 

4.1.3.2 Hsp90 structure 

Unlike Hsp70, Hsp90 is believed to function as a dimer [319, 325]. Each Hsp90 

molecule comprises an N-terminal ATP-binding site that has ATPase activity 

(ATPase domain), a central region that possibly functions as a client protein binding 

site (middle domain) and a C-terminal domain that is required for dimerisation 

(dimerisation domain; reviewed in [319, 325]). Like Hsp70, crystal structures for 

individual domains of Hsp90 have been described and it was only recently that a 

structure, albeit low resolution, for the full-length yeast Hsp90 bound to its co-

chaperone Sba1 (see below) and a non-hydrolysable form of ATP (AMPPNP) was 

described (Figure 4.3A) [331]. This structure suggests that Hsp90 functions as a 

‘clamp’, with ATP-binding inducing transient dimerisation of the N-terminus, 

thereby trapping the substrate within the dimer cleft (Figure 4.3B). Additionally, full 

length structures for Grp94 and the E.coli Hsp90 HptG have also been described 

[332, 333]. A recent study has also provided the first evidence for Hsp90 interactions 

with kinases; the authors suggest that the Hsp90 dimer interacts with a monomer of 

the co-chaperone Cdc37 and a monomer of the substrate Cdk4, which binds to one of 

the Hsp90 molecules rather than the cleft between the dimers [334].  

 

Interestingly, studies have recently hinted at the existence of a second ATP binding 

site at the C-terminus of Hsp90 [335]. Molecules such as cisplatin and novobiocin 

have been shown to bind weakly to this region, and novobiocin has even been shown 

to induce proteasomal degradation of Hsp90 clients at high concentrations [335]. 

Further studies need to be performed to examine the role of this ATP binding site in  
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Figure 4.3 Hsp90 structure (from Saibil et al, 2008 [319]; Pearl et al, 2006 [325]) 
(A) The structure of yeast Hsc82 (Hsp90) dimer (monomers in blue, yellow) in the 
AMPPNP bound form with two subunits of the bound cofactor p23/Sba1 (green). 
The N-terminal nucleotide binding domains have closed the dimer to form a clamp 
shape. Trp300, which is involved in substrate interaction, is shown as red spheres (see 
[319]). (B) Schematic of the current model for the gross conformational changes in 
Hsp90 that accompany binding and hydrolysis of ATP on the basis of structural and 
biochemical evidence. The N-, middle, and C-terminal regions in the Hsp90 dimer 
(colored cyan, yellow, and red, respectively) are shown; a client protein (green) is 
able to bind in the absence of ATP and undergoes some change of state during the 
passage through the “tense” ATP-bound conformation of the chaperone. Inhibition of 
ATP binding by drugs, such as geldanamycin, blocks client protein activation (see 
[325]). 
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vivo and to look into the effect of novobiocin on Hsp90 binding to co-chaperones 

such as CHIP and HOP, that also bind to its C-terminus.  

 

Like Hsp70, Hsp90 has also been shown to associate with myriad co-chaperones 

(reviewed in [325]; see below) such as p23 (yeast Sba1) that binds to ATP-bound 

Hsp90 and possibly enables client protein activation by stabilising the ATP-bound 

state, and Hop and CHIP (described in section 4.1.2.2). p50 (yeast Cdc37) is a co-

chaperone that functions as a ‘kinase magnet’ and recruits a variety of kinases to 

Hsp90. Lastly, the Hsp90 co-chaperone WISp39 appears to function as a specificity 

factor in the recruitment of client proteins (reviewed in [325]). 

 

In conclusion, the heat shock protein family of molecular chaperones performs a 

variety of cellular functions ranging from activating client proteins to targeting 

proteins for degradation. Additionally, they are intimately linked with oncogenesis 

and have recently been implicated in the innate immune response, which make them 

particularly interesting as potential regulators of the IRFs.    
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4.2 Results 

 

 

4.2.1 Identification of the molecular chaperone Hsp70 as a novel IRF-1 binding 

protein 

 

The C-terminal enhancer region of IRF-1 (Figure 4.4) is an important regulatory 

domain (see section 1.2.2.4; [151, 165, 166]). Of particular interest is the extreme C-

terminal 25 aa, which we have named the Mf1 or Multi-functional domain 1 (aa 301-

325), that is required for maximal IRF-1-mediated growth suppression and which 

plays a key role in determining the rate of IRF-1 degradation [157, 165]. In a quest to 

identify factors that mediate the regulatory functions of the Mf1 domain, we used 

peptide affinity chromatography to attempt to identify Mf1 interacting proteins (see 

Chapter 3, Figure 3.1B for overview). In brief, a biotin-labelled peptide (IRF-1 

peptide 21 or pep301-320) based on amino acids 301-320 of IRF-1 was immobilised 

onto streptavidin-agarose and used to generate an affinity column. The column was 

loaded with A375 cell extract and washed extensively prior to the recovery of bound 

proteins. Eluted proteins were analysed using SDS-PAGE on 4-12% gradient gels 

and individual bands identified by mass spectrometry. The major protein band pulled 

out by the pep301-320 column (Figure 4.5A; left panel arrow) was found to contain 

both constitutive and inducible members of the Hsp70 family of molecular 

chaperones (Figure 4.5B). Immunoblot analysis using an Hsp70 specific antibody 

was used to confirm the mass fingerprint identification (Figure 4.5A; right panel).  

 

To try to tease apart the various binding isoforms and identify any other Mf1 binding 

proteins, the C-terminal IRF-1 peptide column eluate was also analysed by 2D gel 

electrophoresis over a 3-10 pH gradient and stained with silver nitrate (Figure 4.6A). 

Protein spots were excised, digested with trypsin, and identified by MALDI-TOF. As 

shown  in  Figure 4.6B,  the major Mf1 binding proteins identified using this method 
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Figure 4.4 The C-terminus of IRF-1 contains many functional domains 
Schematic depicting the C-terminal enhancer domain (aa 256-325) of IRF-1 in 
relation to other known domains within the protein. The C-terminal 25 amino acids, 
which we have named the Mf1 domain (Multi-functional domain 1), contains several 
sub-domains including a Cdk2 repressor motif, a degradation signal and a negative 
regulatory domain for IFNβ activation. W invariant Trp residues present in the DNA 
binding domain of all IRF family members. NLS nuclear localisation signal. 
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Figure 4.5 Identification of Hsp70 as an Mf1 binding protein 
(A) Eluates from peptide affinity columns (see Figure 3.1B) prepared using the 
indicated peptides were run out on 4-12% gradient gels and stained with colloidal 
blue (left panel). In addition to IRF-1 peptide 301-320, a p21 peptide (amino acids 
14-34) and a second IRF-1 peptide (amino acids 196-215) were used as controls to 
check for non-specific binding. Right panel: A duplicate gel was run and transferred 
to nitrocellulose. The immunoblot was developed using the Hsp70 mAb (clone SPA-
810). (B) The colloidal blue stained band in (A) was identified as a member of the 
Hsp/c70 family of molecular chaperones by mass spectrometry. The band was 
analysed by LC-MS/MS at the Fingerprints Proteomics Facility in Dundee, and 
MALDI-TOF by our collaborators in the Czech Republic. Accession No. refers to the 
UniProt accession number. 
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Figure 4.6 2D gel electrophoresis of peptide affinity chromatography eluates 
from IRF-1 peptide 21 column (aa 301-320) 
(A) The eluate from the method depicted in Figure 3.1B (except using urea elution 
buffer rather than sample buffer) for IRF-1 peptide 21 (aa 301-320) was subjected to 
2D gel electrophoresis across a pH 3-10 gradient. The gel was stained with silver 
nitrate and spots excised, trypsin-digested and identified by MALDI-TOF; identities 
of proteins are listed in (B). MW molecular weight. pI isoelectric point. (A) and (B) 
data courtesy Lenka Hernychova and Jitka Zakova.  



 182 

appear to be the Hsp70 family members Hsp70, Hsc70 and mtHsp70; some 

cytoskeletal proteins were also identified. 

 

 

4.2.2 Hsp70 associates with IRF-1 in cells and can directly bind the IRF-1 protein 

 

The data presented above suggest that Hsp70 family members can bind to a 20 amino 

acid peptide based on part of the Mf1 domain of IRF-1. Based on this observation, 

we then proceeded to examine whether Hsp70 could bind the Mf1 region of IRF-1 

when in the context of the full-length protein. To this effect, size exclusion 

chromatography was used to determine whether cellular IRF-1 and Hsp70 co-eluted 

in a manner consistent with complex formation in the cellular environment. Using a 

Superose-6 column, IRF-1 from A375 cell lysate was found to elute in three distinct 

peaks (Figure 4.7A): one in the void volume (peak 1) and two that were included 

(peaks 2 and 3), indicative of multiple IRF-1 containing complexes in these cells. 

Peak 2 co-eluted with fractions containing Hsp70 suggesting that IRF-1 and Hsp70 

may be present in the same complex in A375 cells.  To provide further evidence of 

Hsp70:IRF-1 complex formation in cells, OneStrep-tagged IRF-1 was expressed in 

A375 cells and captured using a streptactin column. Figure 4.7B shows that 

OneStrep-IRF-1 was quantitatively depleted from cell extracts by streptactin with no 

tagged-IRF-1 detectable in the flow through. When OneStrep-IRF-1 bound protein 

was analysed for the presence of 70 kDa heat shock protein family members using an 

antibody to Hsp/c70, of the three isoforms detected in the cell extract, only one 

isoform bound specifically to IRF-1 (Figure 4.7B). This suggests that the interaction 

between full-length IRF-1 and the cellular Hsp70 proteins is specific as one Hsp70 

isoform preferentially binds IRF-1 with a higher affinity than the other isoforms.  

 

The above experiments suggest that Hsp70 family members can form a complex with 

IRF-1 in cells and that the interaction is specific to certain Hsp70 isoforms; however 

they do not address whether the interaction is direct or if additional cellular factors 

are required. To determine if Hsp70 could bind directly to IRF-1 we used 

recombinant proteins purified from E.coli.  When Hsp70 or Hsc70 were immobilised  
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Figure 4.7 Hsp70 family members associate with IRF-1 in A375 cells 
(A) Lysate from A375 cells stably expressing IRF-1 was analysed by size exclusion 
chromatography. Protein from each fraction (0.5 ml) was precipitated using TCA and 
analysed by 12% SDS-PAGE/immunoblot developed using IRF-1 mAb and anti-
Hsp/c70 (SPA-822). (B) Immunoblot of OneStrep-IRF-1 isolated using streptactin 
from A375 cells that had been transiently transfected with OneStrep-IRF-1 or empty 
vector as indicated. The immunoblots were probed for IRF-1 and Hsp/c70 (SPA-
822). Crude cell extract (CE) and flow through (FT) from the streptactin column are 
shown, C is a bead only control.  Inserted is a cartoon of the gel showing that 
although there are three Hsp/c70 isoforms picked up by the antibody only one of 
these co-precipitates with IRF-1.  
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on microtitre wells and GST-IRF-1 added in the mobile phase, it was found that both 

Hsp70 and Hsc70 proteins could bind to IRF-1. However, the affinity of Hsp70 was 

an order of magnitude greater than that of Hsc70 suggesting that IRF-1 interacts 

preferentially with Hsp70 (Figure 4.8A).  

 

As the interaction between IRF-1 and Hsp70 was identified using an Mf1 domain 

peptide (pep301-320; Figure 4.5A), we next determined whether the C-terminal domain 

was required for Hsp70 to bind full-length IRF-1. To this effect a C-terminal IRF-1 

deletion mutant lacking the C-terminal 70 aa (IRF-1enh) was purified from an 

E.coli expression system. A comparison of Hsp70 binding to purified wt and enh 

IRF-1 (Figure 4.8B) suggests that deletion of the C-terminus leads to a significant 

decrease in the affinity of IRF-1 for Hsp70 supporting a role for the enhancer domain 

in engaging the chaperone machinery. As shown in Figure 4.8C, equal amounts of 

the wt and enh proteins were used in the assay, and the decrease in binding to the 

enh mutant was not due to a decreased affinity of the GST antibody for the mutant 

protein.  

 

The residual Hsp70 binding to enh IRF-1 protein detected in Figure 4.8B suggests 

that the interaction between IRF-1 and Hsp70 is likely to be complex involving more 

than one interface. To confirm the presence of an additional binding interface(s) for 

Hsp70 on IRF-1, we used a series of overlapping peptides that spanned the length of 

IRF-1 and asked if any of these peptides could bind to Hsp70 from cell lysates. 

Affinity chromatography using the overlapping IRF-1 peptides revealed that Hsp70 

bound predominantly to the Mf1 domain and to a second peptide derived from the N-

terminal DNA binding domain of IRF-1 (aa 91-110; Figure 4.9). As the crystal 

structure for the N-terminus of IRF-1 has been solved [153], we are able to see that 

this region of IRF-1 forms a solvent exposed flexible loop (data not shown). Thus, 

IRF-1:Hsp70 complex formation appears to require at least two distinct interfaces, 

one of which is comprised of a solvent exposed flexible loop. 
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Figure 4.8 Hsp70 binds directly to IRF-1 
(A) Recombinant Hsp70 and Hsc70 purified from E.coli (50 ng) were coated onto a 
microtitre plate and incubated with a titration (0 – 25 ng) of GST-IRF-1. Binding was 
detected using an anti-GST antibody and enhanced chemi-luminescence. Amount of 
protein (ng) against binding, expressed as relative light units (RLU) is shown. (B) As 
in (A), Hsp70 was coated onto an ELISA plate, and incubated with a titration (0-50 
ng) of GST, GST-IRF-1 wt or GST-IRF-1Δenh. Binding was detected as in (A) and 
amount of protein (ng) against binding, expressed as relative light units (RLU) is 
shown. (C) A titration of GST-IRF-1 wt and Δenh (0-250 ng) was coated on a 
microtitre plate and detected using anti-GST as in (A) to normalise protein levels. A, 
B, C The data is representative of at least two independent experiments. 
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Figure 4.9 Hsp70 has multiple binding sites on IRF-1 
A panel of overlapping IRF-1 peptides spanning the entire length of the protein was 
used to generate affinity columns (see Figure 3.1B) in order to determine whether 
Hsp70 from A375 lysate bound to sites on IRF-1 other than the Mf1 domain. Bound 
proteins, including Hsp70, were eluted in sample buffer and analysed by SDS-
PAGE/immunoblot using anti-Hsp70 mAb (SPA-810).  
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4.2.3 Hsp90 directly binds the IRF-1 protein 

 

The Hsp70 and Hsp90 molecular chaperone families are intimately linked, with 

various studies showing that the interaction of Hsp90 with client proteins such as 

steroid hormone receptors requires Hsp70 and HOP (reviewed in [325]). In fact, 

though Hsp90 has been shown to interact directly with some client proteins in vitro, 

there is speculation that in the cellular environment Hsp90 will inevitably function 

together with Hsp70 [336]. Although we did not identify Hsp90 as an IRF-1 binding 

protein using peptide affinity chromatography coupled with mass spectrometry (see 

Chapter 3, Table 3.2), preliminary data from our lab (Mirjam Eckert and Kathryn 

Ball [337]) indicated that Hsp70, Hsp90 and IRF-1 are found in a complex in cells 

(data not shown). Therefore, in order to determine whether Hsp90 was present in the 

peptide affinity eluates at quantities sufficient for detection by western blotting, 

eluates from columns prepared with overlapping peptides spanning the entire length 

of IRF-1 were immunoblotted using an anti-Hsp90α antibody (Figure 4.10A). Hsp90 

was found in the eluates from various peptide columns across the length of the IRF-1 

protein, with larger amounts present in some N-terminal IRF-1 peptide eluates, 

particularly peptides 2 and 9 (Figure 4.10A). Although this shows that Hsp90 may be 

present in an IRF-1 containing complex, it does not demonstrate whether Hsp90 can 

associate with full-length IRF-1, and whether the interaction is direct or requires 

additional cellular factors such as Hsp70. In fact, from the peptide affinity 

chromatography data for Hsp70 (Figure 4.9) and Hsp90 (Figure 4.10A), it appears as 

though distinct IRF-1:Hsp70, IRF-1:Hsp90 and IRF-1:Hsp70:Hsp90 pools may exist 

within a cell. Only the peptide 21 column eluate contains both Hsp70 and Hsp90, 

while eluates from peptides 1, 4 and 7 contain Hsp70 and 2, 5, 6, 9, 10, 13, 15, 18 

and 22 contain Hsp90 (Figures 4.9 and 4.10A). To test whether Hsp90 could directly 

interact with IRF-1, Hsp90 (α and β mix) purified from bovine brain was 

immobilised on a microtitre plate and incubated with recombinant GST-IRF-1 in the 

mobile phase. I found that Hsp90 specifically bound to full-length IRF-1 but not to a 

GST alone control (Figure 4.10B). Additionally, to investigate whether IRF-1 and 

Hsp90 may be found in the same complex in cells, size exclusion chromatography 

was  performed  using  a  Superose-6  column.  Three IRF-1 peaks were observed, of  
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Figure 4.10 Hsp90 binds directly to IRF-1 
(A) A panel of overlapping IRF-1 peptides spanning the entire length of the protein 
was used to generate affinity columns (see Figure 3.1B) in order to determine 
whether Hsp90 from A375 lysate bound to IRF-1. Bound proteins, including Hsp90, 
were eluted in sample buffer and analysed by SDS-PAGE/immunoblot using anti-
Hsp90α mAb (SPA-840). (B) Hsp90 (α, β mix) purified from bovine brain (250 ng) 
was coated onto a microtitre plate and incubated with a titration (0 – 64 ng) of GST-
IRF-1 or GST alone. Binding was detected using an anti-GST antibody and enhanced 
chemi-luminescence. Amount of protein (ng) against binding, expressed as relative 
light units (RLU) is shown. The data is representative of three independent 
experiments. (C) Lysate from A375 cells stably expressing IRF-1 was analysed by 
size exclusion chromatography. Protein from each fraction (0.5 ml) was precipitated 
using TCA and analysed by 12% SDS-PAGE/immunoblot developed using IRF-1 
mAb and anti-Hsp90 pAb.  
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which peak 2 co-eluted with fractions that contained Hsp90 (Figure 4.10C). IRF-1 

peak 2 also co-eluted with Hsp70 (Figure 4.7A), suggesting that IRF-1, Hsp70 and 

Hsp90 may be present in a single complex in cells. Taken together, the above data 

shows that Hsp90 directly binds to IRF-1 in vitro, and may be present in IRF-1 

containing complexes in cells.   

 

 

4.2.4 Inhibition of Hsp90 decreases IRF-1 protein levels 

 

The results presented in the previous sections suggest that IRF-1 can interact 

specifically with Hsp70 and possibly with Hsp90 both in vitro and in a cellular 

environment; hence we sought to determine whether IRF-1 was a ‘client’ of the 

Hsp90 chaperone complex. To test this, we used the Hsp90 inhibitor 17AAG. Hsp90 

client proteins are known to be targeted for proteasomal degradation upon treatment 

with specific inhibitors including 17AAG and Radicicol [338]. When A375 cells 

were treated with a titration of 17AAG (25 nM – 20 M) for 12 hours and IRF-1 

levels detected by western blotting, it was found that low nM concentrations of the 

drug were sufficient to decrease IRF-1 protein steady state levels (Figure 4.11A; 

compare lanes 3 and 4 with lane 1). To confirm that the 17AAG-induced decrease in 

the steady state levels of the IRF-1 protein was due to Hsp90 inhibition and not an 

off-target effect of the drug itself, a second Hsp90 inhibitor, Radicicol, was used. 

Radicicol is structurally unrelated to 17AAG; however, its mechanism of action is 

similar to 17AAG as both drugs bind to and block the ATP binding site on Hsp90. 

When A375 cells were treated with Radicicol for 20 hours, it was found that like 

17AAG, Radicicol treatment caused a decrease in IRF-1 protein levels (Figure 

4.11B; compare lanes 2 and 3 to lane 1). 

 

The tumour suppressor protein p53 is a known Hsp90 client, and there is evidence to 

suggest that IRF-1 and p53 may function together in cells [151, 225, 339]. To rule 

out the possibility that the effect of Hsp90 inhibition on IRF-1 protein levels is 

indirect and through Hsp90 inhibition of p53, a p53-/- cell line was used. As shown in 

Figure  4.12, 17AAG treatment caused a decrease in IRF-1 protein levels in both p53 
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Figure 4.11 Hsp90 inhibition causes a decrease in IRF-1 protein levels 
(A) A375 cells were treated with the indicated concentrations of 17AAG for 12 h. 
Cells were lysed in 0.1% Triton lysis buffer and subsequently analysed by SDS-
PAGE/immunoblot developed using IRF-1 mAb and anti-GAPDH mAb. (B) A375 
cells (untransfected or transfected with Flag-IRF-1) were treated with the indicated 
concentrations of Radicicol for 20 h. Lysates were analysed by SDS-
PAGE/immunoblot and probed for IRF-1 and GAPDH as above. A, B The data is 
representative of at least two independent experiments. 
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Figure 4.12 The effect of 17AAG on IRF-1 protein levels is p53 independent 
A375 cells (upper panels) and H1299 cells (lower panels) were treated with 17AAG 
or the DMSO carrier as indicated for 20 h. Cells were lysed in 0.1% Triton lysis 
buffer and subsequently analysed by SDS-PAGE/immunoblot developed using IRF-1 
mAb. GAPDH was used as a loading control. The data is representative of two 
independent experiments. 
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wt A375 cells and p53-/- H1299 cells, suggesting that the effects of Hsp90 inhibition 

on IRF-1 protein levels are not mediated via p53.  

 

 

4.2.5 The effect of 17AAG on IRF-1 is post-translational 

 

The above data demonstrates that Hsp90 inhibition by treatment with drugs such as 

17AAG and Radicicol causes a decrease in IRF-1 protein levels and this effect is not 

mediated via Hsp90 inhibition of p53. To determine at which stage in the IRF-1 

regulatory pathway Hsp90 was operating, we first asked whether 17AAG was able to 

act on exogenous as well as endogenous IRF-1. Consequently, A375 cells were 

transiently transfected with plasmids encoding untagged and Flag-tagged IRF-1, and 

treated with 17AAG for 20 h. Anaysis of the cell lysates by western blotting showed 

that like endogenous IRF-1 (Figure 4.13A; lanes 1 and 2), IRF-1 proteins expressed 

in an untagged form (lanes 3 and 4) and as a Flag-fusion (lanes 5 and 6) were also 

sensitive to treatment with 17AAG, suggesting that the drug was not functioning 

through inhibition of IRF-1 transcription. If the decrease in endogenous IRF-1 

protein levels observed upon Hsp90 inhibition was a reflection of the reduction/ 

inhibition of IRF-1 gene transcription, one would expect the over-expressed IRF-1 

proteins to be resistant to 17AAG treatment, as the plasmids encoding these proteins 

are under the control of a constitutive T7 promoter rather than the IRF-1 promoter. 

However, given as the over-expressed IRF-1 proteins were affected by Hsp90 

inhibition in a similar manner to the endogenous protein, it appears as though IRF-1 

gene transcription is unaffected by 17AAG treatment. This conclusion is supported 

by data showing that 17AAG used at either 1 or 10 M has no effect on IRF-1 

mRNA levels (Figure 4.13B). As Hsp90 inhibitors have been shown to stimulate 

degradation of client proteins via the ubiquitin-proteasome pathway, we tested 

whether 17AAG-dependent IRF-1 loss was sensitive to the proteasome inhibitor 

MG132. As shown in Figure 4.13C, the effect of 17AAG on IRF-1 protein levels was 

partially lost upon treatment with MG132 (compare lanes 1 and 4 with lane 3), 

suggesting that proteasome dependent degradation may play a role in the decrease in 

IRF-1  steady  state  levels  that  is  observed upon inhibition of Hsp90. The data also  
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Figure 4.13 17AAG dependent loss of IRF-1 is post-translational 
(A) A375 cells were transiently transfected with pcDNA3-IRF-1 (IRF-1 wt), Flag-
IRF-1 or empty vector as indicated and treated with 17AAG (1 μM) 24 h later for 20 
h. Lysates were analysed by SDS-PAGE/immunoblot developed using IRF-1 and 
anti-GAPDH mAbs. Lanes 1 and 2 were loaded with 75 μg total protein so that 
endogenous IRF-1 could be detected where as 25 μg was loaded into the other lanes 
to detect the transfected proteins. (B) H1299 cells were treated with the indicated 
concentrations of 17AAG and harvested at various times post treatment. Half of the 
cells were used to analyse IRF-1 and GAPDH protein levels by SDS-
PAGE/immunoblot, and the remainder of the cells were used to measure IRF-1 and 
GAPDH mRNA levels by RT-PCR. (C) A375 cells were treated with 17AAG (1 
μM) for 12 h prior to the addition of MG132 for a further 4 h. Lysates were analysed 
as in (A). A, B, C The data is representative of at least two independent experiments.  
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confirms that the effect of 17AAG on IRF-1 is post-translational and not at the 

mRNA level. Additionally, to verify that the decrease in IRF-1 protein levels upon 

Hsp90 inhibition is not a reflection of the protein becoming more insoluble, both 

detergent-extractable and insoluble cell fractions were immunoblotted for IRF-1. 

Figure 4.14 shows that in untreated A375 cells, the IRF-1 protein is largely found in 

the cell pellet (insoluble fraction) possibly because it may be tightly associated with 

chromatin, which is in keeping with the fact that it is a transcription factor. 

Furthermore, 17AAG treatment results in a loss of the IRF-1 protein in both soluble 

and insoluble fractions, suggesting that the drug does not render the IRF-1 protein 

insoluble. Thus, Hsp90 inhibition causes a loss of the IRF-1 protein in a post-

translational pathway without affecting IRF-1 gene transcription or the solubility of 

the IRF-1 protein.   

 

 

4.2.6 Hsp90 inhibition modulates IRF-1 transcriptional activity 

 

IRF-1 protein levels were decreased by 17AAG 12 h post treatment, however at 

earlier time points the steady state levels of IRF-1 were not significantly affected by 

Hsp90 inhibition (Figure 4.15A). The time dependent nature of 17AAG in depleting 

the IRF-1 protein was exploited in order to assess its effect on the ability of 

endogenous IRF-1 to activate transcription at time points where changes in total IRF-

1 protein were not observed. Using a reporter construct in which the promoter of an 

IRF-1 target gene, TLR3 [340], was linked to the expression of firefly luciferase, 

IRF-1 transcriptional activity was measured by dual luciferase reporter assays. 

17AAG treatment consistently caused a decrease in IRF-1 activity at 2, 4, 6 and 8 h 

during which times IRF-1 protein levels remained constant (Figure 4.15B).  As IRF-

1 is described as a relatively weak transcriptional activator [163], even small changes 

in its activity are likely to have a significant impact on its biological function. Figure 

4.15C shows that the effect of 17AAG is specific for IRF-1 as a TLR3 control 

plasmid lacking the IRF-1 consensus site is not activated in A375 cells. 
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Figure 4.14 17AAG does not affect IRF-1 solubility 
A375 cells were treated with 17AAG or the DMSO carrier as indicated for 20 h. 
Cells were lysed in 0.1% Triton lysis buffer (supernatant = L; lysate) and the 
detergent insoluble pellet was resuspended in sample buffer (P; pellet). Detergent 
soluble and insoluble fractions were analysed by SDS-PAGE/immunoblot developed 
using IRF-1 mAb.  
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Figure 4.15 Hsp90 inhibition affects IRF-1-dependent gene transcription 
(A) A375 cells were treated with 17AAG (1 μM) for the indicated times. Lysates 
were analysed by SDS-PAGE/immunoblot developed using anti-IRF-1 and anti-
GAPDH mAbs. C is a DMSO treated control. (B) H1299 cells were co-transfected 
with a TLR3/firefly-luciferase reporter plasmid (140 ng) and control renilla-
luciferase plasmid (60 ng). Post transfection (24 h), the cells were treated with 
17AAG (1 μM) and harvested at the indicated times. Dual luciferase assays were 
performed and the results were normalised by expressing firefly/renilla luciferase 
activity in relative light units (RLU) as the mean +/- S.D. (C) As above except that a 
control TLR3 plasmid (TLR3 mutant) lacking the ISRE is included. A, B, C The data 
is representative of at least two independent experiments. 
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Inhibition of Hsp90 by 17AAG therefore has a bi-phasic effect on IRF-1; in the early 

signalling phase, IRF-1 activity as a transcriptional activator is inhibited and in a 

second later phase, IRF-1 protein levels are down regulated through a post-

translational pathway that can be blocked by proteasome inhibition. 

 

 

4.2.7 Hsp90 regulates IRF-1 turnover and nuclear accumulation 

 

Hsp90 inhibition by drugs such as 17AAG and Radicicol causes a loss of the IRF-1 

protein, suggesting that IRF-1 is an Hsp70/Hsp90 client protein. In order to 

determine the normal role of the chaperone system in the pathways leading to 

regulation of IRF-1, A375 cells were transiently transfected with Flag-Hsp90. Both 

the α and β isoforms of Hsp90 produced an increase in the amount of endogenous 

IRF-1 protein detected (Figures 4.16A and B).  Furthermore, Hsp90-mediated 

increases in IRF-1 were dependent on its ATPase activity (Figure 4.16C) as an 

Hsp90 mutant which can bind to but not hydrolyze ATP (lanes 4-6; E46A) had no 

effect on IRF-1 protein levels under conditions where wt Hsp90 increased the levels 

of IRF-1 (lanes 1-3). In addition, a dominant negative form of Hsp90 (lanes 7-9; 

D93N), that is incapable of binding ATP, had a similar effect to 17AAG in that it 

caused a decrease in IRF-1 protein levels. 

 

In order to determine whether Hsp90 over-expression caused the selective 

accumulation of IRF-1 within certain cellular compartments, cellular fractionation 

studies were employed. IRF-1 is normally distributed between the cytoplasmic and 

the nuclear compartments of the cell, with a substantial proportion localised to the 

nucleus. To determine if Hsp90 affected the balance between these two IRF-1 pools, 

A375 cells were transiently transfected with Flag-Hsp90 and the sub-cellular 

localisation of IRF-1 examined (Figure 4.17A). As expected, both α and β Hsp90 

isoforms caused an increase in endogenous IRF-1 protein levels; strikingly, however, 

the Hsp90 proteins only increased the levels of nuclear IRF-1 protein, while 

cytoplasmic IRF-1 remained unaffected (Figure 4.17A; compare lane 3 to lane 1). 
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Figure 4.16 Hsp90 over-expression results in the accumulation of the IRF-1 
protein 
(A) and (B) A375 cells were transiently transfected with a titration (0-10 μg) of Flag-
Hsp90α (A) or Flag-Hsp90β (B) for 24 h with DNA levels normalised using empty 
vector. Lysates were analysed by SDS-PAGE/immunoblot developed using IRF-1, 
anti-Flag and anti-GAPDH mAbs. C is a mock transfected control. (C) A375 cells 
were transiently transfected with increasing amounts of YFP-Hsp90 (wt or ATP 
mutants E46A and D93N; 0-5 μg) and analysed as above. A, B, C The data is 
representative of at least two independent experiments. 
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Figure 4.17 Hsp90 induces nuclear IRF-1 accumulation 
(A) A375 cells were transiently transfected with Flag-Hsp90 α or β or empty vector 
(5 μg); 24 h post-transfection the cells were harvested and fractionated using a 
ProteoExtract Kit. The fractions were analysed by SDS-PAGE/immunoblot 
developed using IRF-1 mAb. Caspase 3 and Hp1α were used as markers for the 
cytoplasmic and nuclear fractions, respectively. (B) A375 cells were transiently 
transfected with pcDNA3-IRF-1 wt or left untransfected and subsequently treated 
with 17AAG (1 μM). After 24 h cells were harvested, fractionated and analysed as in 
(A). A, B The data is representative of two separate experiments. 
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Since Hsp90 over-expression preferentially increased nuclear, but not cytoplasmic, 

IRF-1 protein levels, I proceeded to examine whether IRF-1 loss observed upon 

Hsp90 inhibition was restricted to the nuclear IRF-1 protein. As expected, inhibition 

of Hsp90 by 17AAG caused a preferential loss of both endogenous and exogenous 

IRF-1 protein from the nuclear pool when compared to the cytoplasmic pool (Figure 

4.17B; compare lanes 3 and 7 to lanes 1 and 5). As experiments using an IRF-1 

reporter plasmid fused to luciferase showed increased activity in the presence of 

over-expressed Hsp90 (data not shown), it appears as though the IRF-1 accumulated 

in the nucleus in the presence of Hsp90 is in an active form. Thus, Hsp90 may be 

involved in IRF-1 activation through the recruitment of co-factors or kinases which 

‘activate’ IRF-1 (for example through phosphorylation) and allow for its retention in 

the nucleus. Alternately, Hsp90 may play a role in the nuclear accumulation of ‘pre-

activated’ IRF-1 that is already capable of binding DNA. Indeed, this has been 

observed for the tumour suppressor protein p53, where Hsp90 associates with 

components of the cytoskeleton and participates in the dynein-dependent nuclear 

import of p53 [341, 342]. It is worth noting that the IRF-1 Mf1 domain peptide 

affinity column eluate that contained Hsp70 and Hsp90 also included cytoskeletal 

components such as vimentin and tubulin (see Figures 4.6, 4.9 and 4.10A). This 

suggests that the C-terminus of IRF-1 may interact with these cytoskeletal proteins 

either directly or through other proteins that were not identified by the mass 

spectrometric analysis; alternately, IRF-1, Hsp70/Hsp90 and components of the 

cytoskeleton may be present in a single complex. 

 

In order to determine whether the observed increase in nuclear IRF-1 levels was due 

to an increase in the stability of the protein, half-life experiments were performed 

using cycloheximide to arrest protein synthesis. Accordingly, A375 cells were 

transfected with plasmids encoding either Hsp90 or Hsp90and 24 h post 

transfection, treated with cycloheximide. The cells were harvested at various times 

post cycloheximide addition and subsequently fractionated so as to study the effects 

of Hsp90 over-expression on the half-life of nuclear IRF-1 rather than total IRF-1 

protein. I found that the rate of IRF-1 degradation was decreased in the nuclear 

fraction of cells over-expressing Hsp90 (Figure 4.18), with the half-life of the IRF-1 
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protein increasing from 40 min in control cells to ~60 min in the presence of over-

expressed Hsp90 (Figure 4.18; inserted table). Additionally, both Hsp90 and 

Hsp90 had a similar effect on the half-life of IRF-1, suggesting that both Hsp90 

isoforms possibly stabilise the IRF-1 protein through similar mechanisms. 

 

The results presented in this section therefore support a model where Hsp90 favours 

the accumulation of nuclear IRF-1 through increases in steady state protein levels 

resulting from a decrease in the rate of IRF-1 degradation. However, we cannot 

exclude the possibility that Hsp90 might also be involved in transport of IRF-1 into 

the nucleus in a manner similar to that of p53 [341].  

 

 

4.2.8 Hsp90 regulation of IRF-1 is mediated by Hsp70 binding 

 

The discovery of Hsp70 as a C-terminal IRF-1 binding protein led us to identify 

Hsp90 as a key regulator of IRF-1 in the cellular environment. In order to address 

whether the regulation of IRF-1 by Hsp90 is mediated through Hsp70 and 

particularly through binding of Hsp70 to the enhancer domain of IRF-1, we first 

determined the effect of dominant negative Hsp70 (K71S - Figure 4.19A; lanes 5 and 

6) on the ability of 17AAG to modulate IRF-1 steady state levels.  Expression of the 

Hsp70/K71S mutant by itself led to a reduction of endogenous IRF-1 steady state 

levels when compared to control cells and to cells transfected with wt Hsp70 (Figure 

4.19A; compare lane 5 to lanes 1 and 3). In addition, in the presence of the K71S 

mutant protein, 17AAG was unable to further reduce the levels of IRF-1 under 

conditions where levels were significantly decreased in control untransfected cells as 

well as cells over-expressing wt Hsp70 (Figure 4.19A; compare lane 6 with lanes 2 

and 4) suggesting that active Hsp70 is required for IRF-1 loss observed upon Hsp90 

inhibition. Next, we asked whether the down regulation of IRF-1 steady state levels 

in 17AAG treated cells required its Mf1 domain by using an enhancer domain 

deletion mutant (IRF-1 enh). Under conditions where 17AAG decreased the levels 

of both endogenous and transfected wt IRF-1 protein, the drug had no effect on an 

IRF-1 mutant protein from which the enhancer domain had been deleted (Figure 
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Figure 4.18 Hsp90 over-expression stabilises the IRF-1 protein 
A375 cells were transiently transfected with a constant amount (5 μg) of Flag-Hsp90 
α or β or empty vector; 24 h post transfection the cells were treated with 
cycloheximide (30 μg/ml) for the indicated times. Cells were harvested and 
fractionated using a ProteoExtract kit after which the nuclear fraction was analysed 
by SDS-PAGE/immunoblot using IRF-1 or anti-Flag mAbs. To calculate the half life 
(see inserted table), band intensity was quantified using Scion Imaging software and 
ln(% protein remaining) on the y-axis was plotted against time on the x-axis to obtain 
a linear graph. The half-life was determined from the graph by calculating the 
corresponding x-axis value at y = ln(50%). 
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Figure 4.19 Δenh IRF-1 is refractive to Hsp90 inhibition by 17AAG 
(A) H1299 cells were transiently transfected with YFP-Hsp70 (wt or the dominant 
negative mutant K71S; 250 ng) or empty vector; 24 h later 17AAG (1 μM) was 
added and the incubation continued for a further 20 h. Lysates were analysed by 
SDS-PAGE/immunoblot developed using anti-IRF-1, anti-GFP and anti-GAPDH 
mAbs. (B) A375 cells were transiently transfected with pcDNA3-IRF-1 wt or Δenh 
or empty vector (250 ng) and treated with 17AAG (1 μM) as above. The levels of 
Chk1, Hsp70 and p53 were measured as controls for 17AAG effects.  
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4.19B; lanes 5 and 6). In fact, the levels of the IRF-1enh mutant increased rather 

than decreased in 17AAG treated H1299 cells (Figure 4.19B; IRF-1enh low exp), 

suggesting that this protein is resistant to Hsp70 mediated degradation and that the 

enhancer domain mediates sensitivity of IRF-1 to Hsp90 inhibition. As a control we 

determined that the levels of the known Hsp90 clients Chk1 and p53 decreased in 

response to 17AAG in the same samples where IRF-1enh protein was seen to 

increase (Figure 4.19B; compare lanes 5 and 6). 

 

Next, fine mapping of the interaction between Hsp70 and the Mf1 domain peptide of 

IRF-1 was carried out in order to identify critical contact residues that could then be 

manipulated to make more specific IRF-1 Hsp70 binding mutants. A library of IRF-1 

pep301-320 derivatives was synthesized in which each amino acid was sequentially 

replaced with an alanine residue and the pep301-320 library was used to generate a 

series of affinity columns.  A375 cell lysate was loaded onto the columns and 

following extensive washing of the columns, bound proteins were eluted and 

analysed by immunoblot to identify peptides which showed reduced binding to 

cellular Hsp70.  Using this approach I found that Hsp70 bound to a discrete 

interaction motif in the C-terminus of IRF-1 which included a co-regulator signature 

LXXLL motif and a number of proline residues (Figure 4.20). The information 

obtained by fine mapping the Hsp70 interaction with the Mf1 domain of IRF-1 was 

used to generate a mutant construct where alanine residues had been introduced into 

the LXXLL motif [165]. When the effect of Radicicol on wild-type and LXXLL 

mutant IRF-1 was compared, whereas the levels of endogenous and exogenously 

expressed wild-type IRF-1 decreased following Radicicol treatment (Figure 4.21; 

compare lanes 2 and 4 to 1 and 3) those of the LXXLL mutant protein did not 

decrease, but like enh IRF-1 (Figure 4.19B), the amount of LXXLL mutant IRF-1 

protein was increased by Hsp90 inhibition (Figure 4.21; lanes 5 and 6).  

 

The data presented in this section lend support to the hypothesis that Hsp70 binding 

to an interaction motif within the Mf1 domain of IRF-1 mediates Hsp90 dependent 

modulation of IRF-1 steady state levels in the nucleus. 
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Figure 4.20 Hsp70 binds to a discrete Leu/Pro rich motif in the Mf1 domain of 
IRF-1 
Alanine substitutions were introduced into the C-terminal IRF-1 peptide (pep 21; aa 
301-320) so that each amino acid was sequentially mutated (lower panel) and used to 
generate a series of affinity columns. Following the isolation of peptide binding 
proteins from A375 cell lysate (see Figure 3.1B) the columns were eluted and the 
eluate analysed by SDS-PAGE/immunoblot developed using anti-Hsp70 mAb (SPA-
810). A consensus binding site for Hsp70 on IRF-1 is shown in blue.  
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Figure 4.21 IRF-1 loss upon Hsp90 inhibition requires Hsp70 binding to an 
LXXLL motif on IRF-1  
A375 cells were transiently transfected with IRF-1 wt or an LXXLL mutant in which 
the LXXLL motif was mutated to alanines (250 ng) and treated with Radicicol (10 
μM) 24 h post transfection for 20 h. Lysates were analysed by SDS-
PAGE/immunoblot developed using anti-IRF-1 and anti-GAPDH mAbs. 
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4.2.9 IRF-1 mutants deficient in Hsp70-binding are more stable than wt IRF-1 

 

Data from the previous sections shows that Hsp70 binds to the C-terminal Mf1 

domain of IRF-1 (aa 301-320) and in particular to a discrete motif comprising several 

proline residues and an LXXLL co-regulator signature motif. Since the Hsp70 

binding site on IRF-1 contains several putative phosphorylation sites including 

Ser308, Thr311 and Ser317 (Sarah Meek, Fiona Russell and Kathryn Ball, unpublished 

observations), an IRF-1 C-terminal peptide in which Ser308 was phosphorylated 

(Figure 4.22A; lower panel) was used to study the effect of IRF-1 phosphorylation 

on Hsp70 binding. Affinity columns were prepared using the phosphorylated and 

non-phosphorylated peptides, A375 cell lysate loaded onto the column, and bound 

proteins eluted following extensive washing. A peptide based on p21 aa 14-34 was 

used as a negative control. Eluates were analysed by immunoblotting with anti-

Hsp70 and as shown in Figure 4.22A, phosphorylation of the Mf1 peptide 

significantly reduced Hsp70 binding compared to the non-phosphorylated (wt) 

peptide. Moreover, the effect appears to be dependent on IRF-1 phosphorylation 

rather than mere mutation of the Ser residue, as mutation of Ser308 to Ala does not 

significantly affect Hsp70 binding suggesting that Ser308 is not a critical contact point 

for Hsp70 on IRF-1 (see Figure 4.20). Interestingly, when the immunoblots were 

reprobed with anti-Hsc70, it was found that both phosphorylated and non-

phosphorylated Mf1 peptides bound to Hsc70 with similar affinity, unlike Hsp70 

(Figure 4.22A). This suggests that there may be minor differences in the C-terminal 

IRF-1 recognition motifs for Hsp70 and Hsc70, and that phosphorylation of IRF-1 at 

Ser308 does not affect Hsc70 binding. 

 

Since Hsp70/Hsp90 client proteins are known to be targeted to the proteasome for 

degradation under some conditions by the recruitment of E3 ligases such as CHIP 

and Parkin [343], we set out to examine whether IRF-1 Ser308 mutants that showed 

reduced binding to Hsp70 were less prone to proteasomal degradation and were 

hence more stable than the wt protein in vivo. To this effect, point mutations were 

introduced into pcDNA3-IRF-1 wt by site-directed mutagenesis so that Ser308 was 

mutated to Ala or Asp. When these plasmids were transfected into A375 cells and the  
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Figure 4.22 Phosphorylation of the LDSLL motif on IRF-1 reduces Hsp70 
binding 
(A) Eluates from peptide affinity columns (see Figure 3.1B) prepared using the 
indicated peptides (301-320 wt and 301-320 with phosphorylated Ser 308) were run 
out on 4-12% gradient gels and analysed by SDS-PAGE/immunoblot. Immunoblots 
were sequentially probed with anti-Hsp70 mAb and anti-Hsc70 mAb. C is a p21 
peptide (amino acids 14-34) that was used as a negative control. (B) Data courtesy 
Sarah Meek. A375 cells were transfected with pcDNA3-IRF-1 wt or S308A (non-
phosphorylated control) or S308D (phospho mimetic) as indicated and treated with 
30 μg/ml cycloheximide 24 h after transfection. Cells were harvested at the indicated 
times post cycloheximide treatment and analysed by SDS-PAGE/immunoblot using 
anti-IRF-1 mAb. 
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half-life  of  the  encoded  proteins  measured  using  the  protein  synthesis  inhibitor 

cycloheximide, it was found that the Asp mutant, that mimics Ser308 phosphorylation, 

was more stable than both the wt and non-phosphorylated Ala mutant proteins as is 

evident from its longer half-life (Figure 4.22B). One interpretation of this result is 

that the mutant protein has a decreased affinity for cellular Hsp70 (see Figure 4.21B) 

and is consequently impaired in Hsp70-mediated proteasomal degradation. However, 

binding assays using the full-length proteins need to be performed in cells to confirm 

this hypothesis. 

 

It is worth noting that a part of the Hsp70 binding site on IRF-1 (including Ser308) 

overlaps with the IRF-1 degradation signal (aa 301-310) [157]. Thus, 

phosphorylation of Ser308 may be a way for the IRF-1 protein to resist proteasomal 

degradation –possibly through a failure to recruit Hsp70 – under stress conditions 

where IRF-1 activity is essential. However, in order to make any conclusions about 

the role of Hsp70 in this process, further experiments need to be performed. 

 

The results presented in this chapter identify IRF-1 as a novel client of the 

Hsp70/Hsp90 chaperone machinery. As with other Hsp90 client proteins, Hsp90 

inhibition induces a loss of the IRF-1 protein through a post-translational event 

possibly involving the proteasome. Conversely, Hsp90 over-expression causes an 

accumulation of nuclear IRF-1 protein through a decrease in the rate of its 

degradation. Additionally, Hsp70 directly binds to a discrete region in the C-terminal 

Mf1 domain of IRF-1 comprising an LXXLL motif and deletion of this motif renders 

the IRF-1 protein refractive to Hsp90 inhibition, suggesting that the molecular 

chaperones Hsp70 and Hsp90 co-operate in the regulation of IRF-1 turnover, 

stability and nuclear accumulation.  
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4.3 Discussion 

 

The C-terminal Mf1 domain of IRF-1 is a key regulatory domain involved in 

controlling IRF-1-dependent effects on gene expression and cell growth. It houses 

several sub-domains including: (i) a region that negatively regulates IFNβ activation 

[165], (ii) a degradation signal [157], (iii) a motif that represses Cdk2 expression and 

is also involved in IRF-1-dependent cell growth suppression [165], and (iv) a region 

that appears to govern IRF-1 stability [167]. Surprisingly, while structure-function 

analysis has revealed that this multi-functional domain is required for several IRF-1 

functions/activities, Mf1 binding proteins remain unidentified. In order to define 

components of the IRF-1 interactome whose binding to the Mf1 domain has 

functional consequences, we set up a biochemical screen for proteins which bind to 

aa 301-320 of IRF-1.  A similar screen had been previously used to identify IRF-1 

Mf2 domain interacting proteins with some success (see Chapter 3). Hsp70 was 

delineated as an LXXLL motif binding protein and the Mf1 domain was shown to 

mediate Hsp70/Hsp90-dependent modulation of IRF-1 turnover, activity and 

localization.  

 

Using a combination of in vitro and cell experiments, I showed that the Mf1 domain 

of IRF-1 directly associates with members of the Hsp70 family (see Figures 4.5 – 

4.8). Interestingly, although several Hsp70/Hsc70 isoforms are detected in A375 

cells, only one is pulled down efficiently with IRF-1 suggesting that the interaction is 

specific (Figure 4.7B). In addition, in vitro binding assays showed that Hsp70 

binding to IRF-1 was an order of magnitude greater than Hsc70 binding (Figure 

4.8A), although we cannot rule out a role for Hsc70 in vivo.  Fine mapping of the 

interaction between Hsp70 and the C-terminus of IRF-1 demonstrated that a co-

signature LXXLL motif, along with several proline residues, was an essential 

component of the interaction (Figure 4.20).  Previous studies have shown that the 

E.coli Hsp70 homologue DnaK binds preferentially to regions with a hydrophobic 

core of 4 to 5 amino acids particularly where these are enriched in leucine residues 

[344]. Interestingly however, whereas previous studies using DnaK or recombinant 

Hsp70 showed a relatively ‘loose’ specificity for Hsp70 binding, in the current study 
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using endogenous Hsp70 from human cells, mutation of specific Leu or Pro residues 

showed complete loss of Hsp70 binding even though the environment was still 

predominantly hydrophobic.  It is interesting to speculate that the difference may 

reflect post-translational regulation of Hsp70 and its interactions by co-chaperones, 

for example [325, 336] or post-translational modifications, such as the recently 

described multi-monoubiquitination of Hsp70 by Parkin [345].  

 

The LXXLL motif embedded within the IRF-1 C-terminus appears to be critical for 

the role of the Mf1 domain in controlling both IRF-1 biological activity [165] and in 

determining how IRF-1 is regulated by the ubiquitin proteasome system [157]. 

Indeed, mutation of this motif significantly impairs IRF-1’s growth suppressor 

activity as well as IRF-1-dependent Cdk2 repression, and also renders the IRF-1 

protein resistant to proteasomal degradation [157, 165]. LXXLL motifs are present in 

many transcription factors and mediate protein-protein interactions that often 

function in activating or repressing transcription [346]. Thus, it is possible that 

Hsp70 binding to the LXXLL motif on IRF-1 may be required for its Cdk2 

repression, or alternately may play a role in IRF-1 degradation. Hsp70/Hsp90 client 

proteins are often targeted for proteasomal degradation through the recruitment of 

Ub-E3 ligases such as CHIP and Parkin [343, 347] and therefore these enzymes may 

play a role in IRF-1 ubiquitination as well. In fact, although we and others have 

previously shown that IRF-1 is polyubiquitinated and degraded via the proteasome, 

an Ub-E3 ligase for IRF-1 has not yet been identified [157, 166]. Additionally, 

Hsp70 has also been shown to function as a co-repressor with HSF1 (Heat shock 

factor 1) in the inhibition of c-fos transcription [348], raising the possibility that it 

may play a role in IRF-1 dependent Cdk2 repression. Interestingly, a 7 aa segment 

comprising an LXXLL motif has been shown to be critical for Hsp90:GR 

(glucocorticoid receptor) complex formation and steroid binding activity; however 

although mutations of the Leu residues in the LXXLL motif were shown to affect 

steroid binding, they did not have any effect on Hsp90 binding [349].   

 

In the current study, Hsp90 was able to modulate both IRF-1 turnover and its activity 

as a transcription factor.  In response to 17AAG, in common with other Hsp90 client 
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proteins, IRF-1 was targeted for degradation. A requirement for Hsp70 in the 

17AAG activated degradation pathway was demonstrated using a dominant negative 

Hsp70 construct and by the use of IRF-1 mutant proteins in which the C-terminal 

Hsp70 binding site in the Mf1 domain had been deleted or mutated. Thus, as 

mentioned above, degradation of IRF-1 in 17AAG treated cells most likely involves 

an Hsp70 associated E3-ligase such as CHIP or Parkin [343, 347]. Interestingly, prior 

to the effect of 17AAG on IRF-1 protein levels there was a decrease in its 

transcriptional activity, suggesting that inhibition of Hsp90 has a biphasic effect on 

IRF-1. Therefore, at early time points, inhibition of Hsp90 ATPase activity decreases 

IRF-1 transcriptional activity and this is uncoupled from the changes in IRF-1 

protein levels which occur at later time points. It will therefore be of interest to 

determine precisely how blocking the ATPase function of Hsp90 affects IRF-1 

conformation and whether this impacts, for example, on the ability of IRF-1 to bind 

DNA or assemble into a pre-initiation complex as described below. The conclusion I 

have drawn from this is that Hsp90 normally acts as a positive regulator of IRF-1. 

Supporting this is the observation that over-expression of Hsp90 leads to an increase 

in the half-life of IRF-1 within the nucleus. Interestingly, the use of dominant 

negative Hsp70, by itself, was sufficient to reduce the levels of endogenous IRF-1. 

As the K71S mutant form of Hsp70 is impaired in its ability to fold substrates [350], 

the data also implicates Hsp70, either by itself or in cooperation with Hsp90, as a 

positive regulator of IRF-1.  

 

Although I show that in cells, Hsp70 binding to IRF-1 is required in the 17AAG 

degradation pathway, in vitro experiments show that Hsp90 can directly bind IRF-1 

in the absence of Hsp70 (Figure 4.10B). Taken together, the data suggest that in the 

complex cellular environment, Hsp70 binding to IRF-1 is required for the 

recruitment of Hsp90, which possibly then directly contacts IRF-1. Whether or not 

continuous Hsp70 binding is required for Hsp90 activity, or whether Hsp70 must 

dissociate from the complex in order for Hsp90 to exert its effects on IRF-1 remains 

to be seen. It is interesting to speculate on whether the absence or presence of Hsp70 

is what determines if IRF-1 will be positively regulated by Hsp90, or targeted for 

proteasomal degradation by E3 ligases such as CHIP.  
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Alternately, Hsp70 binding to different motifs on IRF-1 may recruit various co-

chaperones to the complex, resulting in different activities/effects. Our data shows 

that Hsp70 from A375 cells can bind to several peptides based on IRF-1, with the 

major contact points being the Mf1 domain and the DNA-binding domain (Figure 

4.9). In vivo, however, whether both/all of these sites have functional consequences, 

or whether one site preferentially binds Hsp70 over the others needs to be studied. 

Interestingly, the IRF-1 peptide based on aa 91-110 of the DNA-binding domain 

binds to both Hsp70 and Hsc70, as demonstrated by peptide affinity chromatography 

coupled to mass spectrometry and/or immunoblotting (data not shown). As described 

in Chapter 5, this region comprises a KFERQ-like motif that is known to recruit 

Hsc70 for chaperone-mediated lysosomal degradation under some cellular stress 

conditions [351]. There is currently no published evidence to suggest that IRF-1 may 

be degraded by the lysosome and it will therefore be of interest to see if chaperone-

mediated autophagy is responsible, at least in part, under some conditions, for IRF-1 

degradation. 

 

The classic view of the molecular chaperones is that they are primarily involved in 

the folding of nascent proteins and the prevention of protein aggregation.  More 

recently the core molecular chaperone machinery, including Hsp70 and Hsp90, have 

been suggested to take primary responsibility for maintaining a dynamic cellular 

environment [352] by taking part in transient low affinity protein-protein interactions 

[336]. In addition some members of this group, most notably Hsp90, have more 

selective roles binding preferentially to specific classes of already folded proteins, 

rather than unfolded/denatured proteins [325]. Large scale screens for novel physical 

and genetic interactions with Hsp90 in yeast have recently revealed that it interacts 

with a much greater range of proteins than previously thought [353, 354]. Of 

particular interest with respect to IRF-1 is the light that these and other studies cast 

on the role of the chaperones in regulating gene expression.  Together with evidence 

that Hsp70 can control gene expression through modulation of transcription factor 

structure and function, these suggest several possible mechanisms by which Hsp70 

and/or Hsp90 could affect IRF-1 transactivation including: (i) the control of 

transcription complex assembly and/or disassembly, as has been demonstrated for 
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steroid hormone receptors [355, 356]; (ii) the modulation of sequence specific DNA 

binding, as has been demonstrated for p53, where Hsp90 stimulates its DNA-binding 

activity [245]; (iii) access to promoter elements within chromosomal DNA as has 

been shown in some yeast proteins, where Hsp90 is required for the removal of 

promoter-bound nucleosomes and for the recruitment of DNA helicases to gene 

promoters [353, 357]; or (iv) assisting in the post-translational modification of IRF-1 

as has been demonstrated for the related transcription factor IRF-3 [358]. Indeed, like 

IRF-3, IRF-1 is known to be phosphorylated, possibly by casein kinase 2 (CK2) 

[259] and interestingly, CK2 has been shown to directly interact with Hsp90 [359]. 

In fact, Hsp90 binding to CK2 dramatically enhanced its kinase activity [359]. It will 

therefore be of interest to examine if Hsp90 plays a role in CK2-dependent IRF-1 

phosphorylation. Although the Ser and Thr residues in the IRF-1 Mf1 domain do not 

fit the CK2 consensus sequence (S/TXXE/D), they lie within the consensus sequence 

for a number of other kinases including MAPK (Mitogen-activated protein kinase; 

XXS/TP; Thr311), Cdc2 protein kinase (S/TPXR/K; Thr311) and Calmodulin-dependent 

protein kinase 2 (RXXS/T; Ser317) [360-362]. It is therefore possible that one of these 

kinases plays a role in the phosphorylation of the Mf1 domain of IRF-1 and it will be 

interesting to examine whether heat shock proteins are implicated in this process. 

 

Thus, heat shock proteins may function in activating IRF-1 and/or regulating its 

various activities and additionally, they may assist in the ubiquitination and 

proteasomal degradation of IRF-1. Chapter 5 examines the role of Hsp’s, particularly 

Hsp70, in IRF-1 degradation. 
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CHAPTER 5: MECHANISTIC INSIGHT INTO THE ROLE OF HSP70 IN 

CHIP-DEPENDENT UBIQUITINATION OF IRF-1  

 

 

5.1 Introduction 

 

In order for cells to quickly respond and adapt to various stresses, protein expression, 

whether at the level of synthesis or degradation, needs to be tightly controlled. In 

fact, protein expression is regulated at multiple levels in cells: at the gene 

transcriptional level, usually involving the recruitment of factors that can up/down 

regulate gene expression; at the translational level, wherein the binding of certain 

factors to mRNAs can either enhance or lower the rate of translation as well as 

mRNA stability as required; and at the post-translational level where proteins are 

modified by the addition of certain groups or small proteins (phosphates, acetates, 

ubiquitin, etc) and/or the removal of certain regions of the protein by the action of 

enzymes to generate functionally active molecules.  

 

Studies on IRF-1 have primarily focussed on the regulation of IRF-1 at the 

transcriptional level [27, 43, 45, 47, 147], with only a handful examining post-

translational regulation of IRF-1 [157, 166, 262]. This chapter briefly summarises the 

available literature on IRF-1 post-translational regulation, particularly ubiquitination, 

and provides evidence for CHIP:IRF-1 complex formation in cells, identifying CHIP 

(Carboxy-terminus of Hsc70 interacting protein) as the first Ub-E3 ligase for IRF-1.   

 

 

5.1.1 Post-translational modification of IRF-1 

 

5.1.1.1 IRF-1 Phosphorylation 

Several early studies have demonstrated that IRF-1 is a phosphoprotein through 

analyses using phosphatases and non-specific kinase inhibitors such as staurosporine 

and also through immunoprecipitation experiments with anti-phospho-Tyr antibodies 

[103, 363, 364]. The general assumption is that, like other IRFs including IRF-3, 
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IRF-5 and IRF-7, IRF-1 is phosphorylated upon cell exposure to IFNγ and viral 

infection and this phosphorylation is required for IRF-1 activation of target genes, 

possibly by directly impacting on its DNA-binding activity, or alternately by 

enhancing its nuclear accumulation [214, 259, 364, 365]. In the 1990’s, casein kinase 

2 (CK2) was identified as an IRF-1 binding protein and was shown to phosphorylate 

IRF-1 in vitro at two clusters: aa 138-150 and aa 219-231 [259]. Later studies have 

also implicated protein kinase C (PKC) and mitogen-activated protein kinase 

(MAPK) as kinases that may phosphorylate IRF-1 [365-367]. However, no studies to 

date have conclusively identified a kinase(s) targeting IRF-1 in vivo and the sites of 

phosphorylation, or indeed, even the specific effects of phosphorylation on IRF-1 

function.  

 

5.1.1.2 IRF-1 Ubiquitination 

IRF-1 is a short-lived protein with a half-life of about 20-40 minutes, depending on 

cell type [157, 226, 364]. Although studies have shown that IRF-1 is ubiquitinated 

and degraded via the proteasome, not much is known about the enzymes that regulate 

IRF-1 turnover [157, 166]. A recent study has shown that the lysines in its enhancer 

domain (K275 and K299) may be sites of ubiquitination [368], however this is in 

direct contrast to studies by the Ball group [157]. We have shown that although a 

Δenh IRF-1 mutant is not ubiquitinated in cells, mutation of lysine residues within 

this domain does not change the overall pattern of IRF-1 ubiquitination [157]. In fact, 

the enhancer domain alone can act in trans to inhibit full-length IRF-1 ubiquitination 

[157]. Thus, the enhancer domain possibly functions in recruiting ubiquitin pathway 

components such as an E3 ligase to IRF-1. It is worth noting that to date an E3 ligase 

for IRF-1 has not been identified. 

 

5.1.1.3 IRF-1 SUMOylation 

In the early 2000’s, PIAS3 was identified as a SUMO (small ubiquitin like modifier)-

E3 ligase for IRF-1 and sumoylation was described as a mechanism to repress IRF-1-

dependent gene activation [262]. More recent studies have shown that IRF-1 also 

directly contacts the SUMO E2 enzyme Ubc9 and have confirmed the repressive 

effects of sumoylation on IRF-1 activity [263]. Additionally, several tumour cell 
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lines were shown to have elevated levels of PIAS3 and sumoylated IRF-1, and 

observations that SUMO-IRF-1 was more stable than the non-sumoylated protein led 

the authors to conclude that the major sites of IRF-1 ubiquitination are the same as 

the major sumoylation sites (K275 and K299) [368]. As a result, the authors suggest 

that sumoylation of IRF-1 may prevent its modification by ubiquitin, thereby limiting 

its degradation via the proteasome.  

 

Therefore, it appears as though cancer cells may inactivate functional IRF-1 protein 

by various mechanisms including binding to nucleophosmin/NPM [201] and hyper-

sumoylation [368], both of which repress IRF-1-mediated gene activation.  

 

5.1.1.4 IRF-1 NEDDylation 

Preliminary analyses by the Ball group (Emmanuelle Pion, Vikram Narayan and 

Kathryn Ball, unpublished observations) have shown that IRF-1 is also post-

translationally modified by NEDD8 (Neural precursor cell expressed, 

developmentally down-regulated 8) in H1299 and HCT-116 cells. Interestingly, 

while the C-terminal Δenh IRF-1 mutant is neither ubiquitinated nor sumoylated, it is 

neddylated just as efficiently as the wt protein, suggesting that the E3 ligase for IRF-

1 modification by NEDD8 binds outside of the C-terminus. This observation also 

implies that the major neddylation sites on IRF-1 do not lie within the enhancer 

domain. Neddylation has been implicated in the activation of SCF (Skp1/cullin/F-

box) Ub-E3 ligases [369] and has also been shown to inhibit p53 transcriptional 

activity [370]. The Ub-E3 ligase Mdm2 was shown to both ubiquitinate and 

neddylate p53, raising the possibility that other ubiquitin E3 ligases may also be 

involved in neddylation [370].  

 

Thus, although a variety of post-translational modifications (PTMs) of IRF-1 have 

been described, there is a striking lack of information on the enzymes that catalyse 

these modifications. Consequently, the exact functional outcome of each type of 

modification, as well as cross-talk between the different PTMs, is largely unknown.   
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5.1.2 Overview of the ubiquitination process 

 

Ubiquitin is a highly conserved protein comprising only 76 aa’s. It is present only in 

eukaryotes and gets its name owing to the fact that it is distributed throughout a cell. 

Although prokaryotes do not contain ubiquitin, homologues of the enzyme that 

activates ubiquitin (E1; see below) including MoaD and ThiS, which catalyse 

molybdopterin and thiamine biosynthesis respectively, are present (see [371]). 

Several proteins which share significant structural similarity but differ in sequence 

with ubiquitin, have been grouped together to form the ubiquitin protein family. 

These proteins all share a characteristic terminal diglycine motif through which they 

are covalently conjugated with other proteins (reviewed in [372]). The ubiquitin 

protein family is divided into two groups: ubiquitin-like modifiers (UBLs), which are 

capable of conjugating to other proteins and ubiquitin domain proteins (UDPs) which 

are not capable of conjugation [373]. 

 

5.1.2.1 Mechanism of ubiquitin conjugation 

The mechanism of ubiquitin conjugation occurs in three steps (Figure 5.1; reviewed 

in [371, 372]). In the first energy-driven step, ubiquitin (Ub) is activated by the E1 or 

ubiquitin activating enzyme, to form an Ub-thiol ester through an Ub-adenylate 

intermediate. In the second step, the activated Ub is transferred from the E1 to the 

active site cysteine on the E2 or ubiquitin conjugating enzyme. The third and final 

step involves the actual conjugation of ubiquitin to the target protein through 

formation of an isopeptide bond and is mediated by an E2:E3 ubiquitin ligase 

complex. The human genome encodes two E1 enzymes, 37 E2 enzymes and over 

600 E3 ligases [374]. The vast array of E2 and E3 enzymes and potential for the 

formation of several E2:E3 complexes allow for a diverse range of substrates to be 

ubiquitinated. At the same time, regulating the formation of specific E2:E3 

complexes allows for fine-tuning of the ubiquitination mechanism. In some cases, a 

fourth step occurs wherein multiple ubiquitins are added onto a single target protein. 

Whether this occurs through the E3 alone or an E2:E3 complex, or possibly through 

a fourth enzyme E4, is still debated.  
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Figure 5.1 Mechanism of ubiquitin conjugation (from Welchman et al, 2005 
[371]) 
Ubiquitin is activated by the ubiquitin-activating enzyme (E1; step 1) and is 
subsequently transferred to an ubiquitin-conjugating enzyme (E2; step 2). In most 
cases, the E2 enzyme and the protein substrate both bind specifically to a particular 
ubiquitin-protein ligase (E3) and the activated ubiquitin moiety is then transferred to 
the protein substrate (step 3). The successive conjugation of ubiquitin moieties 
generates a polyubiquitin chain that functions as a signal to target the protein 
substrate to the 26S proteasome for degradation (step 4). The substrate is degraded to 
short peptides (step 5) and reusable ubiquitin is released by deubiquitinating enzymes 
(DUBs; step 6). Pi inorganic phosphate; PPi pyrophosphate; Ub ubiquitin.  
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Additionally, protein ubiquitination is reversible and approximately 85 

deubiquitinating enzymes or DUBs are encoded in the human genome (see [374]).  

DUBs are specialized proteases that cleave off ubiquitin from target proteins as well 

as from poly-ubiquitin precursor proteins. As the human genome has 4 ubiquitin 

genes which encode a total of 14 copies of ubiquitin, the action of DUBs is essential 

for the generation of mono-ubiquitins from these poly-ubiquitin precursor proteins 

[374]. 

 

5.1.2.2 Ubiquitin chains and functions 

Ubiquitin itself contains 7 lysine residues which can serve as acceptors for further 

ubiquitin molecules; thus it is possible to form ubiquitin polymers (Figure 5.2). 

These chains are usually homotypic i.e. containing only one type of linkage, for 

example K48 linked poly-ubiquitin chains. However, there is growing evidence in 

vitro for the formation of poly-ubiquitin chains with mixed linkages, as well as for 

the formation of branched or forked ubiquitin chains where ubiquitins are added to 

more than one lysine residue on a single ubiquitin (see [374]). Additionally, it is 

possible to form linear poly-ubiquitin chains arranged in a head-to-tail assembly 

through covalent linkage to the amino group at the N-terminus of the protein; these 

chains are known to be assembled in vivo through an E3 ligase complex known as 

LUBAC (Linear ubiquitin chain assembly complex) [375]. 

 

Although initially identified for its role in targeting proteins for proteasomal 

degradation, the discovery of various types of poly-ubiquitin chains, as well as mono 

and multi-mono ubiquitination of substrates has led to the identification of several 

new functions for ubiquitin modification (Figure 5.2; see [374]). Indeed, while K48-

linked ubiquitin tetramers were identified as the minimal recognition motif for the 

proteasome [376], K63-linked ubiquitin chains have been shown to primarily have 

non-degradative roles including an involvement in the DNA damage response and in 

NF-κB activation [374, 377]. In fact, mutation of endogenous yeast ubiquitin K63 to 

arginine made the cells more susceptible to DNA damaging agents [377]. Other poly-

ubiquitin chains have been implicated in DNA repair (K6), in targeting proteins for 

lysosomal degradation (K29) and in kinase inactivation (K29, K33) (see [374]).  
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Figure 5.2 Ubiquitin and its lysine residues (from Komander, 2009 [374]) 
The structure of ubiquitin (blue-green) reveals that all seven lysine residues (red, 
with blue nitrogen atoms) reside on different surfaces of the molecule. Met1 
(methionine 1; with a green sulfur atom) is the linkage point in linear chains and is 
spatially close to Lys63. The C-terminal Gly75-Gly76 motif involved in isopeptide 
bond formation is indicated (red oxygen atoms, blue nitrogen atoms). Lysine residues 
are labelled and red numbers in parentheses refer to the relative abundance of the 
particular linkage in S. cerevisiae as described in a proteomic study which relied on 
His-tagged ubiquitin and hence linear chains could not be determined (ND). The 
(tentative) roles of the particular linkages are indicated. 
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5.1.3 E3 ligases 

 

Ubiquitin E3 ligases are classified into three broad groups: the RING (Really 

interesting new gene) family, the HECT (Homologous with E6-associated protein C-

terminus) family and the U-box (UFD2 homology) family (reviewed in [372]). While 

RING and U-box E3’s serve as ‘bridging factors’ that bind to both the substrate and 

E2 allowing for Ub transfer from the E2 to the substrate, HECT E3’s form Ub-thiol 

esters prior to transferring Ub to substrates (reviewed in [372]). Thus, in the case of 

HECT E3 ligases, Ub is transferred sequentially from E1 to E2 to E3 and then on to 

the substrate.  

 

RING and U-box domains are quite similar in structure, yet differ in their mechanism 

of stabilisation: while the Cys/His rich RING domain is stabilised by Zn2+ ions, the 

U-box domain is stabilised by intra-molecular electrostatic interactions including salt 

bridges and hydrogen bonds (reviewed in [372]). Interestingly, the first U-box 

containing protein to be identified (yeast UFD2; Ubiquitin fusion degradation protein 

2) was shown to possess an E4-like activity rather than an E3 activity. UFD2 does 

not have substrates of its own, but instead promotes the poly-ubiquitination of Ubi 

via the E3 UFD4 [378]. In fact, UFD2 cannot initiate poly-ubiquitination in the 

absence of the E3 even when ubiquitinated-Ubi is used as substrate [378]. At least 

one other U-box protein, CHIP, has been shown to have E4-like activity. Although it 

functions as a classical E3 for many substrates, CHIP can also enhance the 

polyubiquitination of some substrates of the heat shock protein-associated E3 ligase 

Parkin, thus behaving as an E4 [379]. 

 

5.1.3.1 CHIP as an Ub-E3 ligase 

The Carboxy-terminus of Hsc70 interacting protein (CHIP) is an Ub-E3 ligase that 

binds to Hsp70, Hsc70 and Hsp90 and targets Hsp client proteins for proteasomal 

degradation [347, 380]. Thus, CHIP links cellular folding and degradative pathways 

and is therefore an important component of a cell’s quality control machinery [347]. 

In the current model for CHIP’s mechanism of action, CHIP binding to Hsp70 is 

sufficient to bring the Ub~E2 thiol ester associated with CHIP close enough to the 
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Hsp70 client protein for Ub transfer to take place, without the need for any direct 

contact between CHIP and the substrate [381]. While this is beneficial in that a single 

E3 ligase can mark a broad range of misfolded proteins for degradation, it raises the 

issue of E3 specificity as Hsp’s have extremely vast numbers of client proteins. 

Hsp70 plays a key role in deciding whether a client protein is to be folded or targeted 

for degradation; this decision-making process is commonly referred to as the ‘protein 

triage’. CHIP, through its E3 ligase activity, is believed to link the folding and 

degradative functions of Hsp70 thus aiding in the protein triage process; however, it 

is not known how Hsp70 specifically recruits CHIP to misfolded proteins but not to 

other client proteins that can be successfully folded. Recently, a few publications 

have suggested an alternate CHIP ubiquitination pathway in which CHIP’s substrate 

binding activity may play a key role in determining its specific E3-ligase function 

[382-384]. However, whether a direct contact between CHIP and the substrate is 

required for ubiquitination of all Hsp70 clients and whether Hsp70 still plays a role 

in this process, remains to be studied. 

 

 

5.1.3.2 CHIP structure 

Early reports showed that the Hsp-binding TPR (tetratricopeptide repeat) domain on 

CHIP was located at its N-terminus, while the E2-binding U-box domain was 

situated at its C-terminus [380, 385]. Crystallographic studies have since mapped the 

TPR domain of CHIP to aa 25-130 and its U-box to aa 227-297 [386]. The central 

linker region called the middle or charged or ± domain has a largely unknown 

function. This region, comprising aa 133-224 according to a crystal structure of 

mouse CHIP [386] and aa 162-190 according to other reports [385] has, however, 

been shown to be essential for CHIP dimerisation [386, 387]. Several reports using 

gel filtration, ultracentrifugation and cross-linking experiments have confirmed that 

CHIP is essentially a dimer in solution; however many of these reports also note that 

higher order CHIP oligomers, including a ‘dimer of dimers’ or tetramer, are often 

observed [387, 388]. Two dimerisation interfaces on CHIP have been reported 

located in the charged domain and the U-box respectively [386, 388]. 
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In the mid 2000’s, crystal structures for CHIP from mouse and zebrafish were 

reported, and although both structures agree with previous reports that CHIP is 

dimeric, they show considerable differences. In the structure of aa 25-304 of mouse 

CHIP in complex with the Hsp90 C-terminal peptide DDTSRMEEVD, the CHIP 

homodimer behaves for all practical purposes as a heterodimer, as the two monomers 

show considerable asymmetry in the helical charged domain (Figure 5.3) [386]. The 

crystal structure of zebrafish CHIP lacking the TPR domain, on the other hand, 

shows a symmetric homodimer (Figure 5.4) [388]. The authors speculate that CHIP 

may alternate between the symmetric and asymmetric conformations, possibly 

influenced by interactions with other proteins. In good agreement with the zebrafish 

crystal structure, a recent study on full-length human CHIP using hydrogen exchange 

or H/D exchange suggested that CHIP is a symmetric homodimer [389]. However, 

in direct contrast to both crystal structures that showed a highly structured linker 

domain, in the H/D exchange study the linker appears to be highly unstructured 

[389]. In fact, all amide hydrogens in the linker region were exchanged within 10 s, 

suggesting that this region is solvent exposed [389].  

 

Interestingly, there appears to be some controversy regarding which domains of 

CHIP bind Hsp70: early reports showed that the isolated TPR domain could not bind 

Hsp70 or Hsc70 in vitro, but aa 1-197, comprising the TPR domain and the linker 

domain, could bind Hsp/c70 almost to the same extent as full-length CHIP [385]. 

However, the crystal structure of mouse CHIP in complex with an Hsp90 peptide 

(see above), shows that the peptide interacts exclusively with the TPR domain [386]. 

Additionally, studies by Graf et al [389] using H/D exchange suggest that only the 

TPR domain hydrogens are protected upon binding of Hsp70 and Hsp90 while the 

linker domain remains unstructured with its amide hydrogens exchanging readily. 

Thus,  it  appears  as  though  Hsp70  binds  exclusively  to  the  CHIP  TPR  domain.  

                                                 
 Hydrogen exchange or H/D exchange is a technique in which a covalently bonded hydrogen atom is 
replaced by a deuterium atom or vice versa. It yields valuable information about the solvent 
accessibility of various parts of a molecule - usually a protein - as exposed surfaces will exchange 
atoms more readily than surfaces buried deep within the structure. H/D exchange is usually monitored 
by nuclear magnetic resonance (NMR) or by mass spectrometry 
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Figure 5.3 Crystal structure of mouse CHIP (aa 25-304) in complex with an 
Hsp90 peptide (from Zhang et al, 2005 [386]) 
Top: Secondary structure of the CHIP homodimer, with each protomer rainbow 
colored (blue to red) from the N to C terminus, showing the tetratricopeptide-repeat 
domain (TPR) and the U box domain, linked via the long helical hairpin (HH). The 
Hsp90 C-terminal decapeptide bound to each TPR domain is shown in magenta. 
Distinct dimer contacts occur between the two U box domains and between the distal 
ends of the two helical hairpins, which form a four helix bundle. Bottom: Alignment 
of exemplary CHIP sequences from mouse (Mm), human (Hs), chick (Gg), fish (Dr), 
fly (Dm), worm (Ce), and plant (At), with the secondary structures of the two chains 
in the mouse CHIP homodimer. Identical residues are in red, conserved residues are 
in yellow. The segments comprising TPR, helical-hairpin, and U box domains are 
boxed in blue, green, and red respectively. 
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Figure 5.4 Crystal structure of zebrafish CHIP (aa 112-284) (from Xu et al, 2006 
[388]) 
Stereoview of the DrCHIP-HU dimer (zebrafish CHIP residues 112-284, containing 
the helical linker and U-box domains but not the TPR domain). The helical and U-
box domains and secondary-structure elements, including α-helices and β-sheets, are 
labeled. All molecular graphics were generated using PyMol. 
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However, in the H/D exchange study, the region defined as the TPR comprises aa 1- 

151, which, based on the mouse CHIP crystal structure, also includes a part of the 

charged linker domain [386, 389]. 

 

Thus, although there are a number of reports on the structure of CHIP, they differ 

considerably. Further studies need to be performed to define the CHIP:Hsp70 

interface and to make definitive conclusions on the structure of CHIP.  
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5.2 Results 

 

5.2.1 Identification of the ubiquitin E3 ligase CHIP as an IRF-1-interacting protein 

 

We have previously shown that IRF-1 is poly-ubiquitinated and degraded via the 

proteasome and that the C-terminus of IRF-1, which is required for the efficient 

ubiquitination of the protein, binds directly to the molecular chaperone Hsp70 [157, 

390]. Given that the outcome of Hsp70:substrate interactions is governed by a host of 

co-chaperones, I was interested in extending my previous study (see Chapter 4; 

[390]) in order to determine whether the co-chaperone and E3-ubiquitin ligase CHIP 

[381] played a role in the regulation of IRF-1.  

 

First, I set out to examine whether CHIP and IRF-1 could be found in a complex in 

mammalian cells. When A375 cell lysate was passed through a column prepared by 

immobilising GST-IRF-1 on glutathione-sepharose beads, endogenous CHIP bound 

specifically to GST-IRF-1 but not to a GST alone control column (Figure 5.5A). 

Thus, CHIP from A375 cells can bind to purified GST-IRF-1 protein when it is 

immobilised. Furthermore, to study complex formation of cellular IRF-1 and CHIP, 

plasmids encoding His/myc-CHIP and Flag-IRF-1 were co-transfected into A375 

cells, following which Flag-IRF-1 was immunoprecipitated using anti-Flag M2 

agarose. As shown in Figure 5.5B, CHIP co-immunoprecipitates with Flag-IRF-1, 

but not with the Flag-empty vector control. Thus, IRF-1 and CHIP are present in a 

complex in cells; however the above experiments do not suggest whether the 

interaction is direct or mediated via factors such as Hsp70 family members, which 

have been previously implicated in anchoring CHIP to substrates [347, 380, 381]. 

 

 

5.2.2 CHIP preferentially ubiquitinates IRF-1 under conditions of heat stress and 

heavy metal stress 

 

Having shown that CHIP and IRF-1 are present in a single complex in cells (Figure 

5.5),  we   proceeded   to  examine   the  effects   of   CHIP   on   IRF-1  in  a  cellular  
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Figure 5.5 Identification of CHIP as a novel IRF-1 binding protein  
(A) Recombinant GST and GST-IRF-1 were immobilised on glutathione-sepharose 
beads and incubated with A375 cell lysate. Bound proteins were eluted using reduced 
glutathione and analysed by SDS-PAGE/immunoblot using an anti-CHIP mAb. (B) 
A375 cells were co-transfected with FLAG-empty vector (EV) or FLAG-IRF-1 (2 
μg) and His/myc-CHIP (2 μg) and FLAG-conjugates immunoprecipitated using anti-
FLAG-M2 agarose (IP). Eluates were analysed by SDS-PAGE/immunoblot (IB) 
using anti-IRF-1 and anti-myc mAbs. The data is representative of at least two 
independent experiments. 
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environment. For this purpose, CHIP alone or in combination with IRF-1 was over-

expressed in A375 cells after which the cells were fractionated into cytoplasm, 

membrane and nuclear fractions. As expected, CHIP was localised primarily to the 

cytosol and membrane fractions with lesser amounts detected in the nuclear fraction 

(Figure 5.6A; fourth panel). Interestingly, a high molecular weight band was picked 

up by the CHIP antibody when the protein was over-expressed; it is possible that this 

band represents mono-ubiquitinated CHIP (Figure 5.6A; fourth panel, lanes 4-6). In 

fact, it is believed that CHIP is active as an E3 ligase in some cell lines only when it 

is mono-ubiquitinated [391]. Endogenous IRF-1 was localised primarily to the 

nucleus, although over-expressed IRF-1 was detected in all fractions (Figure 5.6A; 

first and second panels). Additionally, high molecular weight IRF-1 proteins were 

detected in the nuclear and cytosolic fractions when both CHIP and IRF-1 were over-

expressed, indicative of post-translational modification (Figure 5.6A, third panel, 

compare lanes 4 and 6 with lanes 1 and 3). To determine whether these high 

molecular weight bands represented ubiquitinated forms of IRF-1, a cell based 

ubiquitination assay was utilised [157]. H1299 cells were co-transfected with IRF-1, 

His-Ub and CHIP, following which ubiquitinated proteins were isolated by metal 

affinity chromatography and analysed by SDS-PAGE/immunoblot. Although 

endogenous E3 ligase activity was sufficient for IRF-1 modification, over-expression 

of CHIP resulted in a significant increase in the amount of ubiquitinated IRF-1 

detected (Figure 5.6B, His-pulldown, compare lanes 2 and 3). These results 

demonstrate that IRF-1 ubiquitination is increased in a CHIP-dependent manner in a 

complex cellular background. 

 

Having established that CHIP and IRF-1 can associate in cells and that IRF-1 

ubiquitination in A375 cells is increased in the presence of over-expressed CHIP 

(Figures 5.5 and 5.6), I sought to examine the effects of cellular stress on IRF-

1:CHIP complex formation. Since CHIP has been shown to associate with substrates 

such as luciferase and Daxx under conditions of heat stress [382, 392], I studied the 

effect of heat and the closely-linked heavy metal stress [240] on the interaction 

between IRF-1 and CHIP. As a control, I used serum withdrawal, which has also 

been  implicated  in  a  heat-shock  associated  degradation  pathway,   albeit  via  the  
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Figure 5.6 CHIP ubiquitinates IRF-1 in cells  
(A) A375 cells were transiently transfected with pcDNA3-CHIP (2 μg) and pcDNA3 
empty vector (for endogenous IRF-1 blots) or pcDNA3-IRF-1 (0.5 μg) as indicated. 
24 h post-transfection the cells were fractionated using the ProteoExtract Kit and 
analysed by SDS-PAGE/immunoblot developed using IRF-1 and CHIP mAbs. 
Caspase 3 and Hp1α were used as markers for the cytoplasmic and nuclear fractions, 
respectively. (B) Data courtesy Emmanuelle Pion. H1299 cells were transfected with 
pcDNA3-IRF-1 (0.5 µg), His-ubiquitin (0.5 μg) and pcDNA3-CHIP (2 μg) as 
detailed. Post transfection (20 h) cells were treated with MG132 (50 µM) for 4 h and 
His-ubiquitinated protein was isolated. Immunoblots show total IRF-1 and CHIP 
(lower panels) and His-ubiquitinated IRF-1 (upper panel). A, B The data is 
representative of at least two independent experiments. 
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lysosome rather than the proteasome [351]. Interestingly, in the presence of both heat 

and heavy metal stress, IRF-1 protein levels were considerably reduced; however its 

association with CHIP was enhanced (Figure 5.7A, compare lanes 6-7 with lane 5). 

On the other hand, although a reduction in the steady state levels of IRF-1 was also 

observed in cells subject to serum withdrawal, an association of IRF-1 and CHIP was 

not promoted under these conditions. In fact, it appears as though CHIP:IRF-1 

complex formation is totally inhibited in serum starved cells (Figure 5.7A, compare 

lane 8 with lane 5). This is not unsurprising given as serum withdrawal has been 

shown to target Hsc70 client proteins for lysosomal degradation rather than 

proteasomal degradation, and poly-ubiquitination by CHIP and other Hsp-associated 

E3 ligases is not a prerequisite for lysosomal degradation [351]. Thus, CHIP:IRF-1 

complex formation occurs in response to specific signals including heat stress and 

exposure to heavy metal ions.  

 

To gain further insight into the stress-dependent association of IRF-1 with CHIP, 

sub-cellular fractionation experiments were performed in the presence and absence 

of the proteasome inhibitor MG132. In the absence of any cellular stress, the IRF-1 

protein is predominantly localised to the nucleus, while CHIP is largely present in 

the cytosolic and membrane-associated fractions although measurable levels were 

consistently detected in the nucleus (Figure 5.7B, Control). Interestingly, under 

conditions of heat and heavy metal stress, IRF-1 was detected in the cytoskeletal and 

membrane-associated fractions in addition to the nuclear fraction (Figure 5.7B, 

compare lanes 7-10 in control, heat stress and ZnCl2). Under these stress conditions, 

CHIP is also redistributed such that it is present in all cell compartments including 

the cytoskeleton (Figure 5.7B). Thus, both IRF-1 and CHIP are found in the nuclear 

and cytoskeletal fractions after exposure to heat stress or heavy metal ions. 

 

In order to determine whether the reduced steady state levels of IRF-1 under heat and 

heavy metal stress conditions was a consequence of the observed increase in CHIP 

binding (Figure 5.7A), we first examined whether the levels of IRF-1 were affected 

by proteasome inhibition using MG-132 (Figures 5.8A and 5.7B). In the presence of 

MG-132,   endogenous   IRF-1   protein   levels  increase  as  expected  owing  to  the  
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Figure 5.7 Association of CHIP with IRF-1 in A375 cells is favoured under 
conditions of heat stress and heavy metal stress  
(A) A375 cells were co-transfected with FLAG-empty vector (EV) or FLAG-IRF-1 
(2 μg) and His/myc-CHIP (2 μg) as indicated. 24 h post transfection the cells were 
heat stressed at 43°C for 30 min, treated with ZnCl2 (1 mM) for 90 min, or left 
untreated (control). For serum starvation, serum was withdrawn from the medium at 
the time of transfection. FLAG-conjugates were immunoprecipitated (IP) using anti-
FLAG-M2 agarose and analysed by SDS-PAGE/immunoblot (IB) using anti-IRF-1 
and anti-myc mAbs. (B) A375 cells were treated with MG132 (50 µM) or DMSO 
carrier for 4 h and stressed as above prior to harvesting. Cells were fractionated using 
a Subcellular Protein Fractionation Kit and fractions analysed by SDS-PAGE/ 
immunoblot using anti-IRF-1 and anti-CHIP mAbs. Caspase 3, calreticulin, 
NPM/B23, HP1α and vimentin were used as markers for the various fractions.  
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Figure 5.8 CHIP-dependent IRF-1 ubiquitination is enhanced by heat stress and 
heavy metal stress  
(A) A375 cells were treated with MG132 (50 µM; 4 h) or DMSO carrier and heat 
stressed at 43°C for 30 min, treated with ZnCl2 (1 mM) for 90 min, or left untreated 
(control) just prior to harvesting. Cell lysates were analysed by SDS-PAGE/ 
immunoblot developed using IRF-1 mAb and GAPDH pAb as a loading control. (B) 
Data courtesy Emmanuelle Pion. H1299 cells were co-transfected with pcDNA3-
IRF-1 wt (0.5 µg), His-ubiquitin (0.5 µg) and pcDNA3-CHIP (2 µg) as indicated. 
Post transfection (20 h) cells were treated with MG132 (50 µM) for 4 h and heat 
stressed at the indicated temperatures for 30 min, or treated with ZnCl2 as above. 
His-ubiquitinated protein was isolated by metal affinity chromatography and 
immunoblots show His-ubiquitinated IRF-1. A, B The data is representative of at 
least two independent experiments. 
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accumulation of the IRF-1 protein (Figure 5.8A, compare lane 2 with lane 1).  

Additionally, as expected, in the absence of MG-132, IRF-1 protein levels were 

decreased upon exposure of cells to heat or heavy metal ions (Figure 5.8A, compare 

lanes 3 and 5 with lane 1). However, the decrease in IRF-1 protein observed 

following heat and heavy metal stress was significantly less in cells treated with MG-

132 (Figure 5.8A, compare lanes 4 and 6 with lanes 3 and 5). This suggests that IRF-

1 protein levels decrease in a proteasome-dependent manner under conditions of heat 

stress or in response to heavy metal ions. To examine this further, IRF-1 

ubiquitination was studied in H1299 cells exposed to heat and heavy metal stress. 

Cells were co-transfected with IRF-1, CHIP and His-Ub, and then subject to heat and 

heavy metal stress. Next, His-ubiquitinated proteins were isolated using Ni2+-NTA 

agarose and analysed by SDS-PAGE/immunoblotting. As shown in Figure 5.8B, 

IRF-1 ubiquitination is markedly enhanced during both heat and metal stress in 

H1299 cells over-expressing CHIP (compare lanes 2-5 with lane 1). Thus, the 

interaction of CHIP with IRF-1 is favoured under conditions of heat stress and heavy 

metal stress, which is reflected in an increased ubiquitination of the IRF-1 protein. 

 

 

5.2.3 CHIP cooperates with E2 enzymes of the UbcH5 family and UbcH6 to 

ubiquitinate IRF-1 

 

The data presented above shows that IRF-1 and CHIP form a complex in A375 cells, 

and complex formation is markedly increased upon exposure of the cells to heat 

stress or heavy metal ions. Enhanced CHIP:IRF-1 complex formation under these 

stress conditions results in an increased ubiquitination of the IRF-1 protein, which is 

then targeted for proteasomal degradation (Figures 5.5-5.8). To further dissect the 

CHIP-dependent IRF-1 ubiquitination pathway and to unequivocally categorize IRF-

1 as a substrate for CHIP-dependent ubiquitination, a stopped enzyme assay using 

purified components was developed in which CHIP was rate limiting. Purified UBE1 

(E1), UbcH5a (E2), CHIP (E3), ubiquitin and IRF-1 were incubated in the presence 

of Mg2+-ATP following which the reactions were run out on NuPAGE gradient gels 

and analysed by western blotting. Under these conditions, CHIP specifically 
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ubiquitinated GST-IRF-1 but not GST alone as demonstrated by the presence of high 

molecular weight bands in these samples (Figure 5.9A, compare lanes 6-9 with lanes 

2-5). Figures 5.9B and C show a CHIP titration and time course respectively, based 

on which optimal CHIP amounts and incubation times for the assay were estimated. 

These were found to be ~300 ng and 30 min respectively for the CHIP protein 

sample used in this assay (Figures 5.9B and 5.9C). It is worth noting that efficient 

IRF-1 ubiquitination by CHIP was observed even though Hsp70 was not added to the 

ubiquitination assays. 

 

Next, I used a library of purified E2’s to determine which enzymes could catalyse 

CHIP ubiquitination of IRF-1. Ubiquitinated IRF-1 species were observed in the 

presence of E2 enzymes belonging to the UbcH5 family and UbcH6, suggesting that 

these E2’s can cooperate with CHIP to efficiently ubiquitinate IRF-1 in vitro (Figure 

5.10). As a control, UbcH5 mutants in which the active site Cys (C85) was mutated 

to Ala were used. As expected, ubiquitinated IRF-1 was not observed in the presence 

of the C85A mutant E2 proteins (Figure 5.10, compare lanes 6, 8, 11 with lanes 5, 7, 

9). In order to determine whether CHIP:UbcH5 could form mono- and/or poly- 

ubiquitin chains on IRF-1, specific ubiquitin antibodies that detect poly-ubiquitin 

chains alone or mono- and poly- ubiquitin chains were used. As CHIP can efficiently 

ubiquitinate itself in vitro (data not shown), total GST-IRF-1 protein, including 

ubiquitinated and unmodified IRF-1, was isolated from the ubiquitination reaction 

mix using glutathione-sepharose prior to analysis by NuPAGE/immunoblot. As 

shown in Figure 5.11A, it was found that CHIP:UbcH5a could both mono-

ubiquitinate and form poly-ubiquitin chains on IRF-1. Moreover, CHIP:UbcH5a 

formed both K48-linked and K63-linked ubiquitin chains on IRF-1, as Ub mutants 

with either K48 or K63 mutated to Arg, or all lysines except K48 or K63 mutated to 

Arg caused no gross change in the pattern of IRF-1 modification by CHIP (Figure 

5.11B). Thus, CHIP efficiently forms K48 and K63-linked mono- and poly- ubiquitin 

chains on IRF-1 in vitro in the absence of Hsp70, using E2 enzymes of the UbcH5 

family and UbcH6. 
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Figure 5.9 CHIP efficiently ubiquitinates IRF-1 in vitro in the absence of Hsp70 
(A) An in vitro ubiquitination assay was assembled with purified E1, E2 (UbcH5a), 
His-CHIP, ubiquitin and a titration (25, 50, 75 and 100 ng) of GST-IRF-1 (or GST 
alone) in the presence of ATP. Ubiquitinated protein was analysed by SDS-
PAGE/immunoblot using anti-GST mAb. (B) Ubiquitination assays were assembled 
as above except using constant amounts of GST-IRF-1 and a titration of His-CHIP 
(0, 12.5, 25, 50, 100, 250, 500, 750 and 1000 ng). Immunoblots show total CHIP 
(lower panel) and ubiquitinated IRF-1 (upper panel). (C) Ubiquitination assays were 
assembled as in (A) using constant amounts of GST-IRF-1 and His-CHIP. Reactions 
were incubated at 30°C for the indicated times and stopped by the addition of sample 
buffer. Ubiquitinated protein was analysed by SDS-PAGE/immunoblot using anti-
CHIP (lower panel) and anti-IRF-1 (upper panel).  
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Figure 5.10 CHIP-dependent ubiquitination of IRF-1 in vitro uses E2 enzymes of 
the UbcH5 and UbcH6 families 
In vitro ubiquitination assays were assembled with purified E1, the indicated E2 
enzymes, His-CHIP, ubiquitin and GST-IRF-1 in the presence of ATP. Ubiquitinated 
protein was analysed by NuPAGE/immunoblot using anti-IRF-1 mAb. For E2’s of 
the UbcH5 family, mutant proteins in which the active site Cys was mutated to Ala 
(C85A) were used as negative controls. 



 239

 

 

 

Figure 5.11 CHIP:UbcH5a forms K48 and K63 linked mono- and poly- 
ubiquitin chains on IRF-1 in vitro 
(A) Data courtesy Vivien Landré. An ubiquitination assay was assembled with 
purified E1, UbcH5a as E2, His-CHIP, ubiquitin and GST-IRF-1 in the presence of 
ATP following which total GST-IRF-1 was purified from the reaction mix using 
glutathione-sepharose. Purified GST-IRF-1 was analysed by NuPAGE/immunoblot 
using anti-IRF-1 mAb and anti-ubiquitin FK1 and FK2 antibodies. (B) 
Ubiquitination assays were assembled as above using wt ubiquitin and various 
ubiquitin mutants as indicated. Immunoblots were probed with anti-IRF-1 mAb.  
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5.2.4 IRF-1 binding to CHIP is independent of Hsp70 

 

Based on the observation that CHIP efficiently ubiquitinated IRF-1 in vitro in the 

absence of Hsp70 family members, I sought to examine whether CHIP could directly 

bind to IRF-1. First, a direct protein binding assay using purified components was 

used. When recombinant His-CHIP purified from E. coli was immobilised on a 

microtitre well and incubated with purified recombinant GST-IRF-1 in the mobile 

phase, it was found that CHIP bound specifically to GST-IRF-1, but not to a GST 

alone control (Figure 5.12). This shows that CHIP has the potential to bind directly 

to IRF-1 and that Hsp70, or other cellular factors, are not always required to mediate 

the interaction. 

 

In order to identify the region of CHIP responsible for binding to IRF-1, a series of 

CHIP mutants lacking its functional domains was used (Figure 5.13A). Plasmids 

encoding the CHIP mutants and Flag-IRF-1 were co-transfected into A375 cells, 

after which the cells were heat stressed as CHIP binding to IRF-1 is significantly 

elevated after exposure of cells to heat stress (see Figure 5.7A). Next, Flag-

conjugates were immunoprecipitated using anti-Flag-M2 agarose and analysed by 

SDS-PAGE/immunoblot. I found that both full-length CHIP (CHIP wt) and a CHIP 

mutant lacking the Hsp70 binding domain (CHIP ΔTPR) were able to co-

immunoprecipitate with Flag-IRF-1 (Figure 5.13B, see lanes 4 and 6). In contrast, 

deletion of either the charged linker domain (CHIP Δ±) or the U-Box (ΔUbox) 

essentially eliminated IRF-1 binding (Figure 5.13B, compare lanes 8 and 14 with 

lanes 4 and 12). The above data suggests that CHIP binding to IRF-1 does not 

require the TPR domain and that IRF-1 and CHIP can interact independently of 

Hsp70 function since Hsp70 cannot bind to the TPR deletion mutant. Furthermore, 

the results imply that IRF-1 binding to CHIP requires the charged and U-box 

domains of CHIP, as a deletion of either domain essentially eliminates the interaction 

with IRF-1. However, I reasoned that the interpretation of the cell based assays was 

complicated by the fact that A375 cells also express endogenous CHIP. CHIP has 

been shown to form dimers in vitro independently of the TPR domain, with the dimer 

interface  extending  over  the  U-box  and  the charged domains [386-388]. Thus, the  
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Figure 5.12 CHIP directly binds to IRF-1 in vitro  
Purified recombinant His-CHIP (100 ng) was immobilised on microtitre wells and 
incubated with a titration (0 – 32 ng) of GST-IRF-1 or GST alone. Binding was 
detected using an anti-GST mAb. Amount of protein (ng) against binding, expressed 
as relative light units (RLU), is shown. The data is representative of two independent 
experiments. 
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Figure 5.13 ΔTPR CHIP can bind IRF-1 in cells  
(A) Schematic depicting the domain organisation of CHIP wt and the mutants used in 
this study. TPR tetratricopeptide repeat domain required for Hsp70 binding; ± 
domain central charged domain; U-box E2 enzyme-binding domain. (B) A375 cells 
were co-transfected with Flag-IRF-1 or Flag-empty vector (EV; 2 μg) and the 
indicated His/myc-CHIP constructs (2 μg) and subsequently heat stressed at 43°C for 
30 min as indicated. Flag-conjugates were immunoprecipitated (IP) using anti-Flag-
M2 agarose and analysed by SDS-PAGE/immunoblot (IB) using anti-IRF-1 mAb 
and anti-myc pAb. NS non-specific band detected with anti-myc pAb. The data is 
representative of at least two independent experiments. 
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data presented in Figure 5.13B may reflect the ability of the various mutants to form 

complexes with endogenous CHIP and its associated proteins such as Hsp70. To 

address these concerns, a cell-free assay was developed using CHIP constructs 

purified from a TNT coupled reticulocyte lysate expression system and IRF-1 was 

generated using the Hsp70-free PURExpress system. All purified protein samples 

were shown to have Hsp70 levels that were below the levels of detection using 

immunoblot analysis (data not shown). Consistent with the data obtained using the 

cell based assay, when IRF-1 was added to the various CHIP proteins immobilised 

on Ni2+-NTA agarose, it bound to both the wt and ΔTPR CHIP proteins but not to the 

Δ± and ΔUbox deletion mutants (Figure 5.14 compare lanes 2 and 3 with lanes 4 and 

5). These results suggest that CHIP binding to IRF-1 either in cells or in vitro can 

proceed independently of Hsp70. 

 

 

5.2.5 CHIP binding to IRF-1 aa 106-140 is essential for IRF-1 ubiquitination 

 

Having established that CHIP can interact directly with IRF-1 in cells and in a cell-

free environment, I sought to map the CHIP direct binding interface on IRF-1 using a 

library of biotin-tagged overlapping peptides spanning the entire length of the IRF-1 

protein. When the peptides were immobilised on streptavidin-coated microtitre wells 

and incubated with purified CHIP, strong binding to an Arg-Lys-Ser rich region in 

the Mf2 domain of IRF-1 was observed (aa 106-140; Figure 5.15A, peptides 8 and 

9). Interestingly, this region of IRF-1 comprises a multi-protein binding interface, as 

described in Chapter 3. In addition, CHIP bound to a lesser extent to a number of 

peptides from the DNA-binding domain of IRF-1 (Figure 5.15A, peptides 1, 3, 4, 7). 

When the Mf2-derived peptide 9 was used in a competition assay to determine if it 

could reduce the binding of CHIP to full-length IRF-1,  peptide  9,  but  not  a  

control   peptide,  significantly   inhibited   CHIP:IRF-1  complex  formation  (Figure  

 

                                                 
 An in vitro cell-free transcription/translation system in which all the E.coli enzymes involved in 
transcription/translation are present as purified, His-fusion proteins. Thus, the protein components of 
the kit are definied, and can be removed from the reaction mix after synthesis of the required protein 
by metal affinity chromatography 
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Figure 5.14 ΔTPR CHIP can bind IRF-1 in vitro in the absence of Hsp70 
The indicated His/myc-CHIP proteins (see Figure 5.13A) were expressed using a 
TNT coupled reticulocyte lysate system and purified by metal affinity 
chromatography. Purified untagged IRF-1 was added to the CHIP proteins 
immobilised on Ni2+-NTA agarose and after extensive washing, bound proteins were 
eluted using 300 mM imidazole. Eluates were analysed by NuPAGE/immunoblot 
using anti-myc and anti-IRF-1 monoclonal antibodies. 
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Figure 5.15 CHIP binds to the Mf2 domain of IRF-1 
(A) Biotin-tagged IRF-1 peptides (60 pmol) spanning the entire length of the protein 
were immobilised on streptavidin-coated microtitre wells and incubated with His-
CHIP (25 ng). Binding was detected using an anti-His mAb. CHIP binding to the 
indicated peptides expressed as relative light units (RLU) is shown. (B) His-CHIP 
(100 ng) was pre-incubated with a titration of the indicated IRF-1 peptides or DMSO 
alone and added to immobilised GST-IRF-1 (100 ng). CHIP binding was detected as 
above. Peptide concentration against binding, expressed as relative light units (RLU) 
is shown. A C-terminal IRF-1 peptide (peptide 21) unable to bind CHIP was used as 
a control. A, B The data is representative of at least two independent experiments. 
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5.15B). The above data suggests that CHIP binds to a complex interface on IRF-1 

and that a region from the Mf2 domain, aa 106-140, is sufficient to form a stable 

interaction with IRF-1 and to partially compete with the full-length protein for 

binding to CHIP.  

 

Thus, CHIP binds stably to IRF-1 aa 106-140 (Figure 5.15A) and can efficiently 

ubiquitinate IRF-1 both in cells and in vitro (Figures 5.6 and 5.9). However, the 

experiments performed above do not demonstrate whether the direct binding of CHIP 

to the Mf2 domain is sufficient to signal for the ubiquitination of IRF-1. Based on 

our observations, we hypothesised that if the Mf2:CHIP interaction was important in 

the mechanism of CHIP-mediated IRF-1 ubiquitination, a fragment of IRF-1 

comprising the Mf2 domain alone should compete with full-length IRF-1 for CHIP 

binding, leading to a decrease in the level of IRF-1 modification by ubiquitin (Figure 

5.16A [ii]). Alternately, in the absence of external Mf2 domain fragments, CHIP 

should be able to directly bind to and efficiently ubiquitinate the full-length IRF-1 

protein (Figure 5.16A [i]). I then proceeded to test this hypothesis both in vitro and in 

cells. First, in vitro ubiquitination assays were performed using full-length IRF-1 and 

CHIP, in the presence of 1 μM of each of the IRF-1 peptides (or a DMSO control) 

used in Figure 5.15A. As shown in Figure 5.16B, the Mf2 domain peptides 8 and 9, 

which bind CHIP strongly, almost completely inhibit IRF-1 ubiquitination, while 

peptides 1, 3, 4 and 7 which bind CHIP weakly, as well as the remaining IRF-1 

peptides that do not bind CHIP in vitro, have no significant effect on IRF-1 

ubiquitination. It is worth noting that at the concentrations used in the assay, peptide 

9, which consistently bound to CHIP more strongly than peptide 8 (see Figure 

5.15A), had a greater inhibitory effect on IRF-1 ubiquitination, in line with its 

increased binding affinity. It should also be noted that although this inhibition was 

very reproducible (>5 independent experiments), when a different sample of CHIP 

protein that had been purified under gentler conditions was used, no inhibition of 

ubiquitination by peptides 8 or 9 was observed. This CHIP prep, could, however, still 

efficiently bind to peptide 8 and 9 (data not shown). A possible explanation for this is 

that CHIP extracted under harsh conditions (low concentration of urea in extraction 

buffer)  is  partially  denatured,  and  although  still  capable of binding IRF-1, can be   
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Figure 5.16 Mf2 domain peptides inhibit CHIP ubiquitination of IRF-1  
(A) Model showing the requirement of aa 106-140 for IRF-1 ubiquitination. (i) CHIP 
directly binds to IRF-1 aa 106-140 and ubiquitinates IRF-1. (ii) Addition of IRF-1 
106-140 in trans would compete with full-length IRF-1 for CHIP binding, resulting 
in a decreased ubiquitination of the full-length protein. (B) In vitro ubiquitination 
assays were assembled with purified E1, UbcH5a as E2, His-CHIP, ubiquitin and 
GST-IRF-1 in the presence of ATP. IRF-1 peptides (1 μM; see insert for peptide 
sequences) or a carrier (DMSO) control were added to the reaction mix and incubated 
for 30 min at 30°C. The reactions were then run out on NuPAGE gels and 
immunoblotted using anti-IRF-1 mAb as indicated. C1 is a no CHIP control, and C2 
is a control with CHIP but no DMSO. The data is representative of >5 independent 
experiments. 
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easily displaced from the complex. Consequently, IRF-1 peptides used at sufficiently 

high concentrations are able to readily displace the full-length IRF-1 protein and bind 

CHIP directly.  

 

To confirm the model shown in Figure 5.16A in cells, a series of cell based 

experiments were performed using a GFP fusion protein containing IRF-1 aa 115-

140 that has been previously described [150]. When this GFP fusion protein (GFP-

IRF-1 115-140) was over-expressed in A375 cells and GFP-conjugates isolated by 

immunoprecipitation using an anti-GFP antibody, the fusion protein was sufficient to 

capture exogenous CHIP (Figure 5.17A). In fact, IRF-1 115-140 had a much higher 

affinity for CHIP when expressed directly as a GFP fusion protein, rather than in the 

context of the full-length protein (GFP-IRF-1 wt; Figure 5.17A, compare lane 3 with 

lane 2). Having confirmed that GFP-IRF-1 115-140 was sufficient for binding to 

CHIP in a cellular environment, we proceeded to analyse whether it could compete 

with full-length IRF-1 for CHIP binding in the cellular context. Preliminary 

experiments demonstrated that the GFP tag alone had an inhibitory effect on the 

ubiquitination of untagged IRF-1 (data not shown). Therefore, to overcome non-

specific effects of GFP alone on IRF-1 ubiquitination, residues 106-140 of IRF-1, 

comprising the entire Mf2 domain, were expressed as a Flag-fusion (Flag-IRF-1 106-

140). When Flag-IRF-1 106-140 was transfected into H1299 cells together with 

untagged full-length IRF-1, CHIP and His-Ub, a dose-dependent decrease in the 

ubiquitination of full-length IRF-1 was observed in accordance with our hypothesis 

(Figure 5.17B, compare lanes 4-5 with lanes 2-3). Thus, CHIP binding to the Mf2 

domain of IRF-1 is required for the efficient ubiquitination of the protein. 

 

 

5.2.6 IRF-1 Δ106-140 is defective in CHIP-dependent ubiquitination relative to the 

wt protein 

 

Having shown that CHIP binding to the Mf2 domain of IRF-1 is required for 

efficient IRF-1 ubiquitination both in vitro and in cells (Figures 5.16 and 5.17), we 

envisioned  that  an  IRF-1  mutant  lacking  the  Mf2  domain should be incapable of  
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Figure 5.17 IRF-1 aa 106-140 can act in trans to inhibit CHIP-dependent 
ubiquitination of IRF-1  
(A) A375 cells were co-transfected with GFP alone, GFP-IRF-1 wt or GFP-IRF-1 
115-140 and pcDNA3-CHIP. 24 h post transfection, GFP-conjugates were 
immunoprecipitated using anti-GFP pAb (IP) and analysed by SDS-
PAGE/immunoblot (IB) using anti-GFP mAb and anti-CHIP mAb. (B) Data 
courtesy Emmanuelle Pion. H1299 cells were transfected with pcDNA3-IRF-1 wt 
(0.5 µg), His-ubiquitin (0.5 µg), pcDNA3-CHIP (2 µg) and a titration of FLAG-
empty vector (EV) or FLAG-IRF-1 106-140 (1, 2 µg); DNA was normalised using 
pcDNA3 empty vector. C represents a control sample that was transfected with 
pcDNA3-EV but no FLAG-constructs. Post transfection (20 h) cells were treated 
with MG-132 (50 µM) for 4 h. His-ubiquitinated protein was isolated using Ni2+-
NTA agarose. Immunoblots show total IRF-1 wt, Flag-IRF-1 106-140 and CHIP 
(lower panels) and His-ubiquitinated IRF-1 (upper panel).  
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binding to CHIP and should therefore be resistant to CHIP-mediated ubiquitination. 

To this effect, an IRF-1 mutant protein lacking the Mf2 domain (IRF-1 Δ106-140) 

was generated as a GST-fusion and purified from E.coli. I first tested the mutant for 

direct binding to CHIP. When purified recombinant His-CHIP was immobilised on a 

microtitre plate and incubated with a titration of GST-IRF-1 wt or Δ106-140 or a  

GST  alone control, the mutant protein bound to CHIP to a much lesser extent than 

the wt protein, suggesting that the Mf2 domain is the major binding site on IRF-1 for 

CHIP (Figure 5.18A, left panel). However, the fact that IRF-1 Δ106-140 retains 

partial CHIP binding activity suggests that the IRF-1:CHIP interface is complex, 

involving more than one point of contact. This is in accordance with the data shown 

in Figure 5.15A, where CHIP bound weakly to peptides based on the DNA-binding 

domain of IRF-1 in addition to binding to Mf2-derived IRF-1 peptides. To ensure 

that the observed decrease in binding was not due to pipetting errors or due to a 

failure of the GST antibody to recognise the mutant protein, protein levels were 

normalised on the well prior to use (Figure 5.18A, right panel). 

 

Next, I proceeded to study whether the Mf2 deletion mutant was defective in CHIP-

dependent ubiquitination. In vitro ubiquitination assays were performed using 

purified E1, E2, CHIP, ubiquitin and GST-IRF-1 wt or GST-IRF-1 Δ106-140 as 

substrate, in the presence of ATP. As shown in Figure 5.18B (upper panel), the Mf2 

deletion mutant was partially impaired in its ubiquitination when compared to the wt 

protein. Since the Mf2 domain contains several lysine residues which may serve as 

ubiquitin acceptors, the reduced ubiquitination of the Mf2 deletion mutant may not 

necessarily be a consequence of reduced CHIP binding, but could also be attributed 

to a loss of acceptor lysines. However, when the mutant protein was incubated with 

CHIP for an extended period of time, it was found that it showed a similar 

ubiquitination profile to the wt IRF-1 protein (Figure 5.18B, lower panel). Thus, 

deletion of the Mf2 may affect the Km of the reaction while the vmax remains 

unchanged. Further kinetic analyeis are required to confirm this. The result also 

                                                 
 The relation between reaction rate and substrate concentration in an irreversible enzymatic reaction 
can be described by the Michaelis-Menten equation: v0 = (vmax [S]) / (Km + [S]) where v0 is the initial 
reaction rate or velocity, vmax is the maximum reaction rate, [S] is the concentration of substrate used 
in the reaction and Km is the Michaelis constant which is [S] at half the vmax  
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Figure 5.18 IRF-1 ΔMf2 is compromised in its ability to bind CHIP directly and 
is consequently impaired in its ubiquitination by CHIP 
(A) Left panel: His-CHIP (100 ng) was immobilised on microtitre wells and 
incubated with a titration (0 –12.5 ng) of GST-IRF-1 wt, GST-IRF-1 Δ106-140 or 
GST alone. Binding was detected using an anti-GST antibody. Amount of protein 
(ng) against binding, expressed as relative light units (RLU) is shown. Right panel: 
Normalisation of protein levels using anti-GST antibody. A titration (0-50 ng) of 
GST, GST-IRF-1 wt and GST-IRF-1 Δ106-140 was coated onto microtitre wells and 
amounts quantified using an anti-GST antibody and luminometry as above. (B) In 
vitro ubiquitination assays were set up with purified E1, UbcH5a as E2, CHIP, 
ubiquitin and GST-IRF-1 wt or Δ106-140 (expressed and purified using the 
PURExpress In Vitro Protein Synthesis Kit) as substrate, in the presence of ATP. 
Reactions were incubated for 5 min (upper panel) or 20 min (lower panel) as 
indicated and analysed by NuPAGE/immunoblotting using anti-IRF-1 mAb. A, B 
The data is representative of at least two independent experiments. 
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suggests that the major lysine residues on IRF-1 that are modified by ubiquitin in a 

CHIP-dependent manner lie outwith the Mf2 domain. In fact, studies by the Ball 

group using mass spectrometry to identify CHIP ubiquitination sites on IRF-1 have 

shown that the major ubiquitination sites lie in the DNA-binding domain, with only 

one possible site (Lys117) in the CHIP-binding region (Vivien Landré, Dimitris 

Xirodimas and Kathryn Ball, unpublished observations).  

 

Thus, the Mf2 domain of IRF-1 is required and sufficient for CHIP-dependent 

ubiquitination and its deletion causes a substantial loss of CHIP binding, which is 

reflected in a decreased ubiquitination of the deletion mutant protein by CHIP.  

 

 

5.2.7 Hsp70 inhibits CHIP-dependent IRF-1 ubiquitination in vitro 

 

Data presented in the previous section suggests that direct binding of IRF-1 to CHIP 

is a requirement for IRF-1 ubiquitination by CHIP. Additionally, the results 

presented in Chapter 4 demonstrate that Hsp70 binding to the C-terminal Mf1 

domain of IRF-1 is essential for IRF-1 degradation via the proteasome upon Hsp90 

inhibition [390]. Thus, it appears as though CHIP ubiquitination of IRF-1 may occur 

in one of two ways: (i) through Hsp70 binding to IRF-1 which in turn recruits Hsp-

associated E3 ligases such as CHIP; this does not necessarily involve a direct 

interaction between IRF-1 and CHIP (Figure 5.19 I), or (ii) through direct binding of 

CHIP to IRF-1, a process that appears to be Hsp70 independent (Figure 5.19 II). In 

an attempt to elucidate the mechanism of CHIP ubiquitination of IRF-1, we sought to 

define the role (if any) of Hsp70 proteins in this process. 

 

First, I added purified recombinant Hsp70 alone or in combination with its co-

chaperone Hsp40 into the in vitro ubiquitination assay of IRF-1 by CHIP. 

Surprisingly, rather than stimulate IRF-1 ubiquitination by CHIP as expected, Hsp70 

inhibited IRF-1 ubiquitination in a dose-dependent manner, with maximal inhibition 

observed when equimolar amounts of Hsp70 and CHIP were present in the assay 

(Figure 5.20, compare  lane  4  with  lane  2).  Moreover, the addition of Hsp40 to the  
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Figure 5.19 CHIP ubiquitination of IRF-1 may occur both in the presence and 
absence of Hsp70 
Schematic depicting two possible ways by which CHIP ubiquitination of IRF-1 
might occur: (I) Classical model in which Hsp70 binding to client proteins (here 
IRF-1) recruits CHIP, which does not need to directly contact the client. Thus, Hsp70 
anchors CHIP to the client and promotes ubiquitination of the client protein. (II) 
Some proteins, such as Runx1 [384] and IRF-1 can directly bind CHIP in the absence 
of Hsp70, which is sufficient for ubiquitination. 
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Figure 5.20 Hsp70 inhibits CHIP ubiquitination of IRF-1 in vitro 
In vitro ubiquitination assays were assembled with purified E1, UbcH5a as E2, His-
CHIP, ubiquitin and GST-IRF-1 in the presence of ATP. A titration of Hsp70 or 
Hsp70 plus Hsp40 (as indicated; amounts are in μg and total volumes were 
normalised using protein buffer) was added to the reaction mix and incubated for 10 
min at room temperature, followed by a 30 min incubation at 30°C. The reactions 
were then run out on NuPAGE gels and immunoblotted using anti-IRF-1, anti-
Hsp70, anti-Hsp40 and anti-CHIP mAbs as indicated. The data is representative of at 
least three independent experiments. 
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reactions containing Hsp70 at a ratio that has been shown to be physiologically 

relevant (1:10 ratio of Hsp70:Hsp40), further stimulated Hsp70 dependent inhibition 

(Figure 5.20, compare lanes 6-8 with lane 2 and lanes 3-5). It is worth noting that 

CHIP auto-ubiquitination was also inhibited by Hsp70 in this assay (Figure 5.20, 

lower panel).  

 

In addition to observations that CHIP directly binds IRF-1 (Figure 5.12) and Hsp70 

[385, 386], we have previously shown that Hsp70 itself can directly interact with 

IRF-1 (Chapter 4; [390]). Therefore, we reasoned that the observed inhibition of 

CHIP-dependent IRF-1 ubiquitination by Hsp70 could be due to one of several 

possibilities: (i) Hsp70 binding to IRF-1 may prevent CHIP binding to IRF-1 or 

alternately may block IRF-1 ubiquitination sites, (ii) Hsp70 binding to CHIP might 

directly affect CHIP E3 ligase activity, possibly by affecting binding to the E2, or 

(iii) Hsp70 binding to CHIP might prevent its association with IRF-1, thus blocking 

IRF-1 ubiquitination by CHIP. Given that the Hsp70:IRF-1 interface is complex and 

involves multiple points of contact (Chapter 4; [390]), using mutant IRF-1 or Hsp70 

proteins unable to bind to each other is not ideal as gross deletions would have to be 

made. Consequently, we sought to address the issue of Hsp70 binding to CHIP.  

 

Although there is still some discrepancy as to whether Hsp70 contacts only the TPR 

domain or both the TPR and linker domains of CHIP [385, 386], the available 

literature suggests that only the C-terminus of Hsp70 contacts CHIP [385, 386]. In 

fact, in a recent study using hydrogen exchange, the addition of either full-length 

Hsp70 or a C-terminal CHIP binding Hsp70 peptide (GPTIEEVD) to CHIP showed a 

similar exchange profile, suggesting that Hsp70 contacts CHIP exclusively through 

its C-terminus [389]. To this effect, I first sought to verify that the C-terminus of 

Hsp70 in isolation could indeed bind CHIP, using a biotin-tagged Hsp70 C-terminal 

peptide. In addition to the wt Hsp70 peptide (GPTIEEVD), two mutant peptides were 

generated in which the PTI and EE residues respectively were mutated to Ala 

(GAAAEEVD and GPTIAAVD). The rationale for this was that although it is 

generally believed that the EEVD motif is critical for the binding of Hsp’s to CHIP 

as it is common to both Hsp70 and Hsp90, this is questionable as a study using yeast 
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two hybrid has shown that a C-terminal Hsp70 fragment lacking the PTI motif is 

unable to bind CHIP [393]. Therefore, I used mutant peptides in which the PTI and 

EE residues respectively were mutated to Ala in an attempt to map the CHIP binding 

site on Hsp70. Additionally, as the peptides were based on the extreme C-terminus of 

Hsp70, they were synthesised with a –COOH ending rather than –CONH2. The 

biotin-tagged Hsp70 peptides were immobilised on a streptavidin-coated microtitre 

plate and subsequently incubated with purified recombinant His-CHIP in the mobile 

phase. As shown in Figure 5.21A, both the wt Hsp70 peptide (GPTIEEVD-OH) and 

a mutant in which the Glu residues were mutated to Ala (GPTIAAVD-OH) bound 

efficiently to CHIP. Binding was, however, essentially eliminated using a mutant 

peptide in which the Pro-Thr-Iso residues were mutated to Ala (Figure 5.21A). Thus, 

the C-terminal Hsp70 wt peptide is able to bind CHIP in vitro and it appears as 

though the PTI motif on Hsp70 plays an important role in this interaction.  

 

When the Hsp70 wt peptide was introduced into the IRF-1 in vitro ubiquitination 

assay with CHIP as the E3 ligase, the results obtained were similar to those in the 

presence of full-length Hsp70. Thus, like full-length Hsp70, the CHIP-binding Hsp70 

wt peptide inhibited IRF-1 ubiquitination by CHIP in the low micromolar range, 

whereas the PTI to AAA mutant peptide incapable of binding to CHIP had no effect 

on IRF-1 ubiquitination (Figure 5.21B). Unlike full-length Hsp70, the C-terminal 

Hsp70 CHIP-binding peptide is unable to associate with IRF-1 in vitro (data not 

shown). The above data therefore suggests that Hsp70 binding to CHIP may prevent 

its association with IRF-1, or alternately may ‘hold’ CHIP in an inactive 

conformation that is incapable of ubiquitinating substrates such as IRF-1. Before 

proceeding to address these questions, fine mapping of the Hsp70:CHIP interface 

was carried out using a series of peptides based on the Hsp70 C-terminus, in which 

each residue was sequentially mutated to Ala. When these peptides were 

immobilised on streptavidin plates and incubated with purified His-CHIP in the 

mobile phase, it was found that mutation of the Iso637, Val640 or Asp641 residues to 

Ala drastically reduced binding to CHIP, while mutation of the Thr636 to Ala caused 

a partial loss of binding (Figure 5.22A). This is consistent with the data presented in 

Figure 5.21A, where mutation of the Glu638 and Glu639 to Ala had no effect on CHIP 
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Figure 5.21 CHIP-binding Hsp70 peptides inhibit CHIP ubiquitination of IRF-1 
in vitro 
(A) Biotin-tagged C-terminal Hsp70 peptides (60 pmol; see insert for sequences; wt 
wild-type sequence) were immobilised on streptavidin-coated microtitre wells and 
incubated with a titration of His-CHIP (0-250 ng). Binding was detected using an 
anti-His mAb. Amount of protein (ng) against binding, expressed as relative light 
units (RLU) is shown. (B) In vitro ubiquitination assays were assembled with 
purified E1, UbcH5a as E2, His-CHIP, ubiquitin and GST-IRF-1 in the presence of 
ATP. A titration of the indicated Hsp70 peptides (0.1, 1, 5, 10 μM; volumes were 
normalised with DMSO) or a DMSO alone control were added to the reaction mix 
and subsequently incubated for 30 min at 30°C. The reactions were then run out on 
NuPAGE gels and immunoblotted using anti-IRF-1 mAb as indicated. A, B The data 
is representative of at least three independent experiments. 
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Figure 5.22 (T)IxxVD is critical for CHIP binding to Hsp70 
(A) Biotin-tagged C-terminal Hsp70 peptides based on the wt sequence (see insert in 
blue; Hsp70 sequence is underlined) in which each residue was sequentially mutated 
to Ala, were immobilised on streptavidin-coated microtitre wells and incubated with 
His-CHIP (100 ng). Binding was detected using an anti-His mAb. CHIP binding to 
the indicated peptides expressed as relative light units (RLU) is shown. (B) In vitro 
ubiquitination assays were assembled with purified E1, UbcH5a as E2, His-CHIP, 
ubiquitin and GST-IRF-1 in the presence of ATP. The indicated Hsp70 peptides (5 
μM) or a DMSO alone control were added to the mix and reactions incubated for 30 
min at 30°C. The samples were then run out on NuPAGE gels and immunoblotted 
using anti-IRF-1 mAb as indicated.  
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binding, while mutation of the PTI motif (Pro635, Thr636 and Iso637) to Ala 

significantly reduced binding. Thus, although the general assumption that the EEVD 

motif of Hsp70 is crucial for binding to CHIP is not incorrect, it appears that only the 

Val and Asp residues present in this motif are required. Moreover, our data is in good 

agreement with yeast two hybrid data showing that an Hsp70 fragment lacking the 

EE motif is still able to bind to CHIP, while one lacking the PTI motif is unable to 

associate with CHIP [393]. 

 

Next, I added these Hsp70 Ala mutant peptides into the CHIP:IRF-1 in vitro 

ubiquitination assay to study their effects on IRF-1 ubiquitination by CHIP. 

Consistent with the binding data (Figure 5.22A), Hsp70 mutant peptides capable of 

associating with CHIP including the Ser633, Gly634, Pro635, Gln638 and Gln639 alanine 

mutants, inhibited IRF-1 ubiquitination similar to the wt Hsp70 peptide (Figure 

5.22B, compare lanes 5, 6, 7, 10 and 11 with lane 4).  However, mutant peptides 

unable to bind CHIP including the Iso637, Val640 and Asp641 alanine mutants, had no 

inhibitory effect on CHIP-dependent IRF-1 ubiquitination (Figure 5.22B, compare 

lanes 9, 12 and 13 with lane 4). Additionally, the Thr636 to Ala mutant which showed 

reduced binding to CHIP (see Figure 5.22A), had only a weak inhibitory effect on 

IRF-1 ubiquitination by CHIP, which is in good agreement with the binding data 

(Figure 5.22B, compare lane 8 with lanes 4 and 9, 12, 13).  

 

Thus, the Iso, Val, Asp and possibly Thr residues in the C-terminus of Hsp70 are 

critical for CHIP binding. Mutation of any of these residues disrupts Hsp70 binding 

to CHIP and consequently relieves the inhibitory effect of Hsp70 on the CHIP-

dependent ubiquitination of IRF-1. 

 

 

5.2.8 Hsp70 binding to CHIP increases its thermal stability and decreases its affinity 

for substrates such as IRF-1 

 

The data presented above (Figures 5.20 and 5.21) suggests that Hsp70 binding to 

CHIP negatively impacts on its E3 ligase activity. To delineate the mechanism of the 
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inhibition of CHIP E3-activity by Hsp70 we first asked whether we could detect any 

changes in the substrate binding activity of CHIP in the presence of the Hsp70 C-

terminal peptide. An Hsp70-based peptide rather than the full-length protein was 

used as full-length Hsp70 can bind directly to both CHIP and IRF-1 [385, 390] 

making the analysis complicated. A fixed amount of CHIP protein was pre-incubated 

with a titration of the wt Hsp70 peptide (GPTIEEVD-OH) or its derivatives (EE to 

AA, or PTI to AAA mutants) and then added to a microtitre plate on which GST-

IRF-1 had been immobilised. In the presence of the Hsp70 wt and EE to AA mutant 

peptides, both of which can bind to CHIP with similar affinity (see Figure 5.21A), a 

striking decrease in the ability of CHIP to bind stably to IRF-1 was seen (Figure 

5.23). Consistent with its lower affinity for CHIP, the Hsp70 PTI to AAA mutant 

peptide had only a limited effect on CHIP:IRF-1 complex formation (Figure 5.23). 

Thus, Hsp70 possibly inhibits CHIP-dependent IRF-1 ubiquitination by holding 

CHIP in a conformation that prevents or reduces its association with IRF-1.  

 

To examine whether Hsp70 binding to CHIP does indeed affect the conformation of 

CHIP, fluorescence-based thermal shift analyses using Sypro Orange as the 

fluorophore were used to measure the thermal stability of CHIP in the presence of 

the Hsp70 peptide. This method measures thermally induced unfolding of a protein, a 

process that typically follows a two-state model with a sharp transition between the 

folded and unfolded states, as a way to assess protein stability [246]. The Sypro 

Orange dye binds to hydrophobic patches on proteins, which are not usually exposed 

to aqueous solvents in the native state. As the temperature of the reaction is 

increased, the protein unfolds, thereby exposing the otherwise buried hydrophobic 

regions. This results in an increased binding of Sypro Orange which is reflected in an 

increase in the fluorescence measured. The midpoint of the unfolding transition (Tm) 

represents the melting temperature of the protein.  

 

A reaction mix containing purified recombinant His-CHIP in the presence of Hsp70 

C-terminal peptides was assembled and Sypro Orange added. A DMSO control was 

also included. Fluorescence (485/575 nm excitation/emission) was measured over a 

temperature  gradient  of  25°C  to  60°C  and a graph of the rate of protein unfolding  
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Figure 5.23 CHIP-binding Hsp70 peptides inhibit IRF-1:CHIP complex 
formation in vitro 
His-CHIP (100 ng) was pre-incubated with a titration of the indicated Hsp70 
peptides (0-5 μM; wt wild-type sequence) and added to immobilised GST-IRF-1 
(100 ng). Binding was detected using an anti-His mAb. Peptide concentration against 
binding, expressed as relative light units (RLU) is shown.  
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Figure 5.24 Hsp70 binding increases the thermal stability of CHIP 
Graph showing CHIP unfolding as a function of temperature change (top) in the 
presence or absence of Hsp70 C-terminal peptides (wt or PTI to AAA mutant; 5 μM) 
as measured by uptake of the SYPRO Orange fluorescent dye. Experiments were 
performed in triplicate. Also shown is the gradient of protein unfolding plotted 
against the temperature gradient (d(RFU)/dT; bottom) to obtain the midpoint 
temperature of phase transition Tm (orange dashed lines). RFU relative fluorescence 
units. 
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with respect to temperature [d(RFU)/dT, where RFU is the fluorescence in relative 

fluorescence units and T is the temperature] was plotted to calculate the melting 

temperature or Tm. Wild-type CHIP was found to have a Tm of ~ 43.5oC in the 

presence of peptide carrier (DMSO) and this was unaffected by the presence of a 

control mutant Hsp70 peptide that is unable to bind CHIP (PTI to AAA mutant; 

Figure 5.24). However, when the CHIP binding Hsp70 peptide (Hsp70 wt peptide) 

was included, the melting temperature of CHIP was increased to ~45.5oC (Figure 

5.24). Thus, Hsp70 wt peptide binding to CHIP produced a positive shift in Tm 

indicative of stabilization of the protein by increasing its structural order and/or 

reducing its conformational flexibility.  

 

 

5.2.9 A TPR domain mutant mimics Hsp70 binding to CHIP 

 

In order to show that CHIP ubiquitination of substrates depends on Hsp70, most 

studies use a CHIP mutant protein that is incapable of binding Hsp70 (CHIP K30A; 

Lys30 of the TPR domain is mutated to Ala) and show that the mutant CHIP protein 

has a decreased ability to ubiquitinate substrate proteins. However, as IRF-1 is 

efficiently ubiquitinated by CHIP in vitro in the absence of Hsp70 proteins in our 

hands, we did not expect to see a change in the ubiquitination profile of IRF-1 using 

the K30A CHIP mutant protein in place of the wt protein. In order to confirm this, 

recombinant CHIP K30A was purified from an E. coli expression system and the 

binding of the mutant CHIP protein to Hsp70, relative to wt CHIP, was measured. 

Both CHIP wt and CHIP K30A were purified as His-fusion proteins to near 

homogeneity by metal affinity chromatography using Ni2+-NTA agarose (Figure 

5.25). In accordance with published observations, the CHIP K30A mutant was 

markedly deficient in binding to both full-length Hsp70 and the Hsp70 C-terminal 

peptide (data not shown). Surprisingly, however, when the K30A mutant was used in 

the IRF-1 in vitro ubiquitination assay in place of wt CHIP, there was a striking 

reduction in IRF-1 ubiquitination (Figure 5.26, upper panel). As a control, a CHIP 

mutant protein incapable of binding E2 enzymes (CHIP H260Q) and consequently 

unable to ubiquitinate substrate proteins, was included. Interestingly, the CHIP K30A  
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Figure 5.25 Purification of CHIP 
Recombinant His-tagged CHIP wt and CHIP K30A were purified using Ni2+-NTA 
agarose and purified proteins analysed by SDS-PAGE/coomassie blue staining. A 
titration of purified CHIP proteins (1, 2 μg) was loaded on the gel; also included was 
a purified BSA standard (1 μg). 
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Figure 5.26 IRF-1 ubiquitination by CHIP K30A is significantly impaired 
relative to the wild-type protein 
In vitro ubiquitination assays were assembled with purified E1, UbcH5a as E2, His-
CHIP (wt or K30A or H260Q mutants, as indicated), ubiquitin and GST-IRF-1 in the 
presence of ATP, and reactions incubated for 30 min at 30°C. The samples were run 
out on NuPAGE gels and immunoblotted using anti-IRF-1 and anti-CHIP mAbs.  
 

Ub-IRF-1 

Ub-CHIP 
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mutant was also impaired in its auto-ubiquitination, suggesting that Lys30 on CHIP 

may function as an ubiquitin acceptor (Figure 5.26, lower panel). Given as the in 

vitro ubiquitination assay is free of Hsp70, the observed decrease in the ability of 

CHIP K30A to ubiquitinate IRF-1 suggests that rather than being a consequence of 

impaired Hsp70 binding, the decreased ubiquitination is intrinsic to the CHIP K30A 

mutant. Consequently, CHIP K30A may be defective in binding to IRF-1, or the TPR 

domain may represent an allosteric modulatory site which could affect the function 

of a second site on CHIP, for example the U-box domain or the central charged 

domain. To test these possibilities, I first measured the ability of CHIP K30A to 

directly bind IRF-1. When IRF-1 was immobilised on microtitre wells and CHIP wt 

or K30A mutant proteins were added in the mobile phase, it was found that the CHIP 

K30A mutant bound to IRF-1 to a much lesser extent than wt CHIP (Figure 5.27A). 

This is not due to mutation of the direct binding site of IRF-1 on CHIP, as IRF-1 

binds to ΔTPR CHIP just as efficiently as the wt protein (Figures 5.13 and 5.14). 

Surprisingly, when the binding assay was performed the other way around, with 

CHIP (wt or K30A) immobilised on the microtitre wells and IRF-1 added in the 

mobile phase, both CHIP wt and K30A bound equally well to IRF-1 (Figure 5.27B). 

Figure 5.27C shows that the amounts of CHIP wt and K30A proteins used in the 

above assays were comparable, as both were normalised using anti-His antibody. 

Therefore, ‘locking’ CHIP wt in a certain conformation(s) by immobilising it on a 

microtitre well and thus limiting its conformational flexibility causes it to behave in a 

similar manner to the CHIP K30A mutant, suggesting the mutant CHIP protein is 

less dynamic than the wt protein in solution. 

 

To provide evidence for the reduced conformational flexibility of the CHIP K30A 

mutant, three approaches were used. First, the thermal stability of the mutant CHIP 

protein relative to the wt was monitored using Sypro Orange. As shown in Figure 

5.28, the CHIP K30A mutant has a higher Tm than the wt protein (~46°C versus 

~43.5°C), suggesting the mutant protein is less prone to heat-induced unfolding, 

possibly due to a more defined structure and/or limited flexibility. Interestingly, the 

phase transition of CHIP K30A was not as sharp as the wt protein, suggesting that 

the  thermal  unfolding  of  the  CHIP K30A mutant possibly occurs in multiple steps  
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Figure 5.27 Enhanced binding of CHIP wt to IRF-1, relative to CHIP K30A, 
may be a reflection of its enhanced flexibility 
(A) Purified recombinant GST-IRF-1 or GST alone (100 ng) was immobilised on 
microtitre wells and incubated with a titration (0 – 124 ng) of His-CHIP wt or K30A 
mutant. Binding was detected using an anti-His mAb. Amount of protein (ng) against 
binding, expressed as relative light units (RLU), is shown. (B) Purified recombinant 
His-CHIP wt or K30A mutant (100 ng) was immobilised on microtitre wells and 
incubated with a titration (0 – 250 ng) of GST-IRF-1 or GST alone. Binding was 
detected and expressed as above except using an anti-GST mAb. (C) Normalisation 
of protein levels using anti-His antibody. CHIP wt and K30A (100 ng; in duplicate) 
were coated onto microtitre wells and amounts quantified using anti-His mAb as in 
(A). 
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Figure 5.28 CHIP K30A shows an increased thermal stability compared to the 
wt CHIP protein 
Graph showing CHIP wt and K30A unfolding as a function of temperature change 
(top) as measured by uptake of the SYPRO Orange fluorescent dye. Experiments 
were performed in triplicate. Also shown is the gradient of protein unfolding plotted 
against the temperature gradient (d(RFU)/dT; bottom) to obtain the midpoint 
temperature of phase transition Tm (orange dashed lines). RFU relative fluorescence 
units. 
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(Figure 5.28, upper panel). Next, limited proteolysis of CHIP wt and K30A by 

trypsin was studied to look for differences in the banding pattern, indicative of 

different protein conformations. When CHIP wt and K30A mutant proteins were 

incubated at 4°C with trypsin at a 100:1 ratio of protein:trypsin and the proteolytic 

cleavage  pattern  monitored  by  SDS-PAGE/colloidal blue staining, changes in both 

the kinetics of cleavage and the banding pattern were observed (Figure 5.29, upper 

panel). For example, band 1 (see Figure 5.29, upper panel) was still detectable after a 

20 min incubation with trypsin in the CHIP K30A digest but not in the digest carried 

out with the wt protein. Thus, limited digestion demonstrates that the CHIP K30A 

mutant protein is more resistant to proteolytic cleavage than wt CHIP suggesting that 

its flexibility may be more restricted. In addition, the appearance of unique bands in 

the CHIP K30A digest compared to wild-type protein (Figure 5.29, upper panel, 

bands 2 and 3) suggests there may be stabilization of a particular conformation or 

subset of conformations in the mutant CHIP protein relative to the wt protein.  

 

We next looked at the effect of Hsp70 binding on the limited proteolysis of wt CHIP 

by adding an Hsp70 C-terminal peptide that can bind CHIP (GPTIEEVD) and a 

mutant Hsp70 peptide that is unable to bind CHIP efficiently (GAAAEEVD). There 

was little difference in either the fragmentation pattern or the kinetics of cleavage of 

CHIP in the presence of DMSO (data not shown) or the mutant Hsp70 peptide 

(Figure 5.29, lower panel).  On the other hand when CHIP was bound to Hsp70 wt 

peptide, there was a significant increase in its resistance to tryptic cleavage as 

demonstrated by the persistence of band 1 (Figure 5.29, lower panel). In addition, 

similar to the banding pattern observed upon limited proteolysis of the CHIP K30A 

mutant protein, qualitative differences were detected when the wt CHIP protein was 

in the Hsp70 wt peptide-bound state as indicated by the appearance of bands 2 and 3 

(Figure 5.29, lower panel).  

 

The data generated using partial tryptic digestion to probe for changes in CHIP 

conformation suggests that a number of tryptic cleavage sites are less exposed when 

CHIP is bound to the Hsp70 wt peptide than when it is in the unbound state. 

Similarly,  the  introduction  of  a  point  mutation  in  the TPR domain (CHIP K30A)  
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Figure 5.29 CHIP K30A is more resistant to proteolysis than the wt protein 
Data courtesy Kathryn Ball. Purified recombinant His-CHIP wt and K30A (500 ng) 
were incubated with trypsin (5 ng) at 4°C and reactions arrested at various times post 
addition of trypsin (5, 10, 20 and 30 min). Samples were run out on NuPAGE 
gradient gels and stained with colloidal blue (top). 1, 2 and 3 (indicated by arrows) 
are CHIP degradation products; 2 and 3 are observed only in the K30A mutant, but 
not in the wt CHIP protein samples. Also shown is a colloidal blue stained gel of a 
similar experiment performed using CHIP wt in the presence of Hsp70 peptides (1 
μg; bottom). The peptides were pre-incubated with CHIP wt (500 ng) for 10 min at 
room temperature prior to the addition of trypsin as above. Similar to CHIP K30A, 
CHIP wt bound to Hsp70 wt peptide (bottom left) is more resistant to proteolysis and 
shows degradation products 2 and 3 that are not observed in control samples with 
CHIP wt and an Hsp70 mutant peptide that cannot bind CHIP (bottom right). FL full 
length. M protein marker. 
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appears to partially mimic Hsp70 peptide binding to CHIP wt, as CHIP K30A and 

CHIP wt bound to the Hsp70 peptide showed a decrease in susceptibility to tryptic 

cleavage when compared to uncomplexed wt CHIP protein. Additionally, the 

digestion profiles of the CHIP K30A mutant protein and the wt CHIP protein bound 

to the Hsp70 peptide were very similar, with the generation of distinct bands that 

were not observed in the uncomplexed CHIP wt digest (Figure 5.29, bands 2 and 3).  

Thus, although the tryptic cleavage patterns for CHIP:Hsp70 wt peptide and CHIP 

K30A are not identical they have features in common, suggesting they adopt a 

similar, less dynamic or more conformationally constrained structure than the wt 

unbound protein. 

 

As a third and final approach to study the conformation of the CHIP K30A mutant 

protein relative to wt CHIP, small-angle X-ray scattering (SAXS), which gives low 

resolution 3D models of the overall shape and size of macromolecules in solution, 

was used. When SAXS was performed on the CHIP wt protein and the data analysed 

using the modelling program DAMMIN [394] (http://www.embl-

hamburg.de/ExternalInfo/Research/Sax/dammin.html), it was found that the protein 

appears to have a ‘sweetie’ or ‘dumbell’ shape in solution (Figure 5.30A) and the 

calculated molecular weight suggests it is a tetramer (data not shown). The addition 

of DMSO or an Hsp70 mutant peptide incapable of binding CHIP (PTI to AAA 

mutant; Hsp70mutpep) does not appear to significantly change the overall shape 

(Figure 5.30B and C). However, the addition of Hsp70 wt peptide (Hsp70pep) 

‘tightens’ the shape, and this is similar to the overall shape of the CHIP K30A 

mutant protein (Figure 5.30D and E). In fact, a cladogram generated to give an 

unbiased comparison of shape demonstrated that wt CHIP in the presence of the 

Hsp70 wt peptide and CHIP K30A show the most deviation in shape when compared 

to wt CHIP and the negative controls (Figure 5.30, see inserted cladogram).  

 

Taken together, the above data obtained from direct binding assays, limited 

proteolysis, thermal shift assays and SAXS suggests that the binding of Hsp70 to 

CHIP, as well as mutation of the TPR domain, restricts the conformational flexibility 

of the protein, which is manifested in a decreased substrate binding capacity. 
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Figure 5.30 Small-angle X-ray scatter (SAXS) data suggests that CHIP K30A as 
well as wild-type CHIP bound to Hsp70 form a more rigid structure than 
uncomplexed CHIP wild-type 
Data courtesy Elizabeth Blackburn. The most representative low resolution shape 
envelope for CHIP WT aligned and overlaid with the most representative bead 
models for complex and negative controls generated by SAXS. Pairs of bead models 
were aligned and compared to give a normalised spatial discrepancy (NSD) per pair. 
Pair-wise comparisons were clustered using a UPGMA algorithm (MVSP, Kovach 
computing) and results are shown as a cladogram. CHIP in the presence of Hsp70 
peptide and CHIP K30A show most deviation in shape compared to CHIP WT and 
the negative controls. Hsp70pep CHIP-binding C-terminal Hsp70 wt peptide 
(GPTIEEVD-OH); Hsp70mutpep Hsp70 PTI to AAA mutant peptide incapable of 
binding to CHIP; WT wild-type. 
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5.3 Discussion 

 

Steady state expression of the IRF-1 protein is maintained at low levels, allowing for 

a rapid response to environmental conditions through changes in either its rate of 

synthesis and/or degradation [47, 226, 243].  In unstressed cells, IRF-1 is turned-over 

quickly, with a half-life of between 20-40 minutes depending on the cell line [157, 

166, 364] and changes in its rate of degradation are required for maximal IRF-1 

activation under some stress conditions [226]. Furthermore, recent studies suggest 

that there is a link between the rate at which IRF-1 is degraded and its activity as a 

transcriptional activator [368]. Although IRF-1 is known to be poly-ubiquitinated 

and degraded via the proteasome [157, 166], surprisingly little is known about the 

nature of the proteins and enzymes responsible for maintaining homeostatic levels of 

IRF-1 and how these are modulated under conditions of intracellular or 

environmental stress. The data presented in this chapter identifies the Carboxy-

terminus of Hsc70 interacting protein, CHIP, as a novel IRF-1 binding protein and 

shows that CHIP functions as a stress-specific E3-Ub ligase for IRF-1. Indeed, the 

steady state levels of IRF-1 decrease under conditions of heat stress or during the 

response to heavy metal ions and this is associated with the formation of IRF-1:CHIP 

complexes (Figure 5.7). 

 

CHIP was originally identified through a screen for TPR (Tetratricopeptide repeat) 

domain proteins, in a quest to identify novel Hsp70 co-chaperones [385]. Further 

analyses revealed that in addition to binding to Hsp70 and Hsp90 proteins through its 

TPR domain, CHIP could also bind to E2 enzymes and initiate ubiquitination of Hsp 

clients through its U-box domain [380]. Thus, CHIP appears to form a link between 

the processes that lead to protein folding and those which mediate the degradation of 

incorrectly or partially folded proteins. In the canonical pathway CHIP is targeted to 

Hsp90 bound client proteins by Hsp70; the clients are then ubiquitinated for delivery 

to, and degradation by, the 26S proteasome [347, 380, 381]. However, in recent years 

the picture has become more complex with evidence beginning to emerge that there 

is a role for direct binding of CHIP to some of its substrates, which results in the 

ubiquitination of the substrate protein independently of Hsp70 [383, 384].  
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Although initially believed to function exclusively as an Hsp-associated E3 ligase, 

CHIP has since been shown to function as a molecular chaperone to promote or 

maintain folded protein conformation(s) [395, 396]. Interestingly, CHIP has also 

been implicated in tumour suppression, with CHIP mRNA and protein levels 

inversely related to breast cancer malignancy [397]. CHIP’s function as a molecular 

chaperone appears to be Hsp70 independent; however, it appears to synergistically 

function with Hsp70/Hsp40 in refolding luciferase in vitro [395]. Interestingly, 

neither a ΔTPR CHIP mutant lacking aa 1-197 nor a ΔU-box mutant lacking aa 198-

303, or even a combination of both mutants, can refold luciferase in vitro [395]. 

Given as the two mutants appear to be deficient in either/both dimerisation interfaces 

present in the linker and U-box domains, it is interesting to speculate that the 

inability of the mutants to refold luciferase may be a reflection of the incapability of 

these mutants to dimerise. CHIP dimerisation has been shown to be essential for its 

E3 ligase activity [387] and hence it is possible that it is also a requirement for CHIP 

molecular chaperoning. In fact, a ΔTPR CHIP mutant lacking aa 1-126, that has both 

dimerisation interfaces intact, can protect the p53 protein from thermal denaturation 

in vitro as efficiently as the wt protein [396]. Thus, it is possible that dimerisation is 

essential for CHIP’s molecular chaperone activity; however, it is worth noting that 

the ability of the ΔTPR mutant CHIP protein to dimerise was not tested in the above 

study.  

 

In addition to forming K48-linked ubiquitin chains that usually target proteins for 

proteasomal degradation, CHIP can mediate ubiquitination of target substrates by 

Ubc13, an E2-enzyme which generates K63 linked ubiquitin chains [386]. K63 

linked chains do not usually target proteins for degradation but rather are involved 

primarily in cell signalling [398, 399], suggesting that CHIP’s role in ubiquitination 

may extend beyond quality control and degradation. It is therefore likely that CHIP 

can function in a variety of modes allowing it to impact on the structure, function and 

activity of its substrates, to provide diverse outcomes. It is worth noting that Ubc13 

functions in K63-linked ubiquitin chain formation in concert with the ubiquitin E2 

variants Uev1a or Mms2; ubiquitin E2 variants or UEV’s are similar to E2’s in 

structure but lack an active site cysteine [400]. Solving the crystal structure of yeast 
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Ubc13/Mms2 in complex with ubiquitin has revealed why this E2 hetero-complex 

exclusively forms K63 linkages. Firstly, a donor ubiquitin is transferred from the E1 

to the active site Cys of Ubc13. Next, a second ubiquitin molecule, which functions 

as an acceptor ubiquitin, binds to an acceptor binding site on Ubc13/Mms2. Mms2 

positions the acceptor Ub such that its Lys63 is in close proximity to the active site 

Cys of Ubc13. Finally, the Lys63 of the acceptor Ub attacks the donor Ub-active site 

Cys thioester, resulting in the formation of an isopeptide linkage between the C-

terminus of the donor Ub and Lys63 of the acceptor [401]. The donor ubiquitin can 

now function as an acceptor by binding to the acceptor Ub binding site and the E1 

enzyme can transfer a fresh donor Ub to the Ubc13 active site, to initiate formation 

of a K63-linked poly-ubiquitin chain [401]. Whether the donor ubiquitin binds to an 

acceptor Ub binding site on the same Ubc13/Mms2 heterodimer or a new one is 

unknown. The authors emphasise that it is also unknown whether the same UEV/E2 

heterodimer forms a complete K63-linked polyubiquitin chain or whether there are 

different UEV/E2s that bind on and off to form a particular chain. In fact, this likely 

depends on the E3 enzyme involved and also on whether a single E3 stays bound to 

the UEV/E2 heterodimer during the entire process [401].  

 

Although our data demonstrates that K48- and K63-linked ubiquitin chains are 

formed by CHIP:UbcH5a on IRF-1 in vitro, ubiquitination of IRF-1 by CHIP in the 

presence of the Ubc13/Mms2 heterodimer as E2 was not observed (Figures 5.10 and 

5.11). This does not, however, imply that Ubc13/Mms2 may not function in IRF-1 

ubiquitination by CHIP as studies have shown that this combination of E2’s forms 

unanchored K63-linked polyubiquitin chains in the presence of CHIP. These 

unanchored chains can only be transferred onto substrate proteins that are already 

mono-ubiquitinated, as the Ubc13/Mms2 heterodimer is incapable of attaching the 

first Ub onto substrates [402, 403]. Thus, it appears as though the addition of 

ubiquitin onto substrates may frequently require two different E2’s or E2:E3 

complexes: one for the addition of the first ubiquitin (mono-ubiquitination), and 

another for the extension of the ubiquitin chain, possibly with a specific topology 

(for example, K63 linkages only) [403]. In support of this model, Ubc13 has been 

shown to mono-ubiquitinate TRAF6 (Tumour necrosis factor receptor-associated 
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factor 6) in the absence of Uev1a. In fact, the addition of Uev1a inhibits TRAF6 

mono-ubiquitination, while ubiquitin chain elongation in a K63-linked manner was 

found to require both Ubc13 and Uev1a [402]. CHIP has been also shown to 

associate with the E2 enzymes UbcH4 and Ube2w (unpublished work described in 

[403] and [391]); it will be interesting to examine whether these E2’s function in 

CHIP-dependent IRF-1 ubiquitination.  

 

Surprisingly, although IRF-1 protein levels are decreased upon heat stress, heavy 

metal stress and serum withdrawal, IRF-1:CHIP complexes are only detected under 

conditions of heat and heavy metal stress, but not serum withdrawal (Figure 5.7). It is 

worth noting that serum withdrawal has been implicated as a trigger for the 

chaperone-mediated autophagy (CMA) response, which usually involves Hsc70 

binding to client proteins and subsequent degradation via the lysosome rather than 

the proteasome [351]. Approximately 30% of all cytosolic proteins have a KFERQ-

like motif i.e. a Gln residue flanked by a basic residue, an acidic residue, a 

hydrophobic residue and a basic or hydrophobic residue on either side, in no 

particular order (Q+-O+/O motif where + is any basic residue, - is any acidic residue, 

O is a hydrophobic residue and +/O is a basic or hydrophobic residue; [351]). The 

KFERQ motif has been implicated in Hsc70 (Hsp73) binding and chaperone-

mediated autophagy (reviewed in [351]). Interestingly, IRF-1 contains a KFERQ-like 

motif at the C-terminal end of its DNA-binding domain, just before the Mf2 domain 

(EVKDQ; aa 93-97). Moreover, we found that a peptide containing the KFERQ-like 

motif was able to bind to endogenous Hsc70 from A375 cell lysate with high affinity 

(Vikram Narayan and Kathryn Ball, unpublished observations). Thus, it will be 

interesting to study whether IRF-1 is also a client of the chaperone-mediated 

autophagy pathway and to identify conditions under which lysosomal degradation 

rather than proteasomal degradation is favoured. 

 

A number of studies have identified substrates which bind directly to CHIP in the 

absence of Hsp70, suggesting that under some conditions CHIP might bypass the 

requirement for a chaperone partner. For example, the death domain-associated 

protein Daxx binds to the charged domain of CHIP in heat stressed cells and this is 
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accompanied by Daxx ubiquitination [382]. This interaction appears to occur 

independently of Hsp70 as the TPR domain of CHIP is not needed for Daxx binding 

in cells [382]. Similarly, Runx1 binds to CHIP independently of Hsp70/Hsp90 [384]. 

Unlike the CHIP:Daxx interaction however, CHIP is reported to interact with Runx1 

under normal cellular conditions [384]. Although studies on Daxx and Runx1 

suggest that CHIP can ubiquitinate substrates in an Hsp70-independent manner, they 

do not demonstrate a direct relationship between the ability of CHIP to bind to target 

proteins and the ability of the target proteins to then act as substrates for CHIP-

dependent ubiquitination. Data presented in this chapter shows that IRF-1 binds to 

CHIP through a complex interface involving a high affinity interaction with the Mf2 

domain of IRF-1 and additional lower affinity sites in the IRF-1 DNA binding 

domain (Figure 5.15). More specifically, an Arg-Lys-Ser rich region in the Mf2 

domain is required for maximal binding of IRF-1 to CHIP and is sufficient to form a 

stable complex with CHIP both in vitro and in cells (Figures 5.15 and 5.17). In 

common with Daxx and Runx1, IRF-1 binding involves the central charged domain 

of CHIP (Figures 5.13 and 5.14); however, IRF-1 may also require the U-box of 

CHIP to form a stable IRF-1:CHIP complex, suggesting that it may interact with the 

conformationally flexible hinge region on CHIP [389] or that binding may require 

CHIP to be present as a dimer [386, 388]. We exploited the interaction between 

CHIP and amino acids 106-140 of IRF-1 to demonstrate a direct link between the 

ability of CHIP to bind to IRF-1 and utilise it as a substrate. Thus, we were able to 

demonstrate that in addition to being essential for maximal IRF-1:CHIP binding in 

vitro (Figures 5.15A and 5.18B), amino acids 106-140 could bind stably to CHIP in a 

cellular environment and in doing so could inhibit CHIP-dependent ubiquitination of 

full-length IRF-1 in trans (Figure 5.17). 

 

Data presented in this thesis has also shown that Hsp70 binding to the C-terminal 

Mf1 domain of IRF-1 is required for the degradation of IRF-1 upon Hsp90 inhibition 

(see Chapter 4). However, the Hsp90 inhibitor 17AAG has no effect on the levels of 

a mutant IRF-1 protein that cannot recruit Hsp70 under conditions where wt IRF-1 

protein levels are dramatically reduced (Chapter 4 and [390]). Since E3 ligases such 

as CHIP and Parkin have been implicated in Hsp70-mediated degradation of client 
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proteins upon inhibition of Hsp90 [343, 347], this implies that IRF-1 ubiquitination 

and degradation in cells treated with 17AAG occurs via CHIP and requires binding 

to Hsp70. However, when cells are treated with siRNA to CHIP prior to treatment 

with 17AAG, IRF-1 proteins levels are found to diminish in a manner comparable 

with cells treated with non-specific control siRNA (data not shown). This suggests 

that CHIP is not the principal E3 ligase for IRF-1 upon Hsp90 inhibition; yet it is 

worth keeping in mind that a recent study has shown that there is considerable 

redundancy in Hsp-associated E3 ligases [343].  

 

Surprisingly, rather than enhance the rate of IRF-1 ubiquitination as predicted by the 

classical model [347, 380, 381], the presence of Hsp70 or Hsp70 peptides that can 

bind CHIP but not IRF-1, inhibited IRF-1 ubiquitination by CHIP in vitro (Figures 

5.20  and 5.21). In fact, Hsp70 binding to CHIP ‘tightened’ the overall structure of 

CHIP as demonstrated by SAXS analysis, limited proteolysis and thermal shift 

assays (Figures 5.24, 5.29 and 5.30). This is consistent with a recent study on the 

effect of Hsp70 binding to CHIP using hydrogen exchange. According to this study, 

the CHIP protein has highly flexible linker and TPR domains, and the binding of 

Hsp70/Hsp90 to CHIP induces the folding of the TPR domain to a defined, stable 

structure with protected amide hydrogens [389].  

 

Interestingly, a CHIP mutant with a point mutation in the TPR domain (K30A), 

which has been used extensively to show the chaperone-dependence of CHIP 

ubiquitination as it is unable to bind to Hsp70/Hsp90 [404], was found to be deficient 

in IRF-1 ubiquitination both in vitro (Figure 5.26) and in cells (data not shown). The 

absence of Hsp70 in the in vitro assay suggests that the observed decrease in IRF-1 

ubiquitination by the mutant CHIP K30A protein is not due to its inability to recruit 

Hsp70, but rather is intrinsic to the CHIP K30A mutant itself. Indeed, the mutant 

CHIP K30A protein cannot bind IRF-1 as efficiently as wt CHIP (Figure 5.27) and 

somewhat ironically, it appears to mimic the conformation of wt CHIP in complex 

with Hsp70. Consequently, similar to wt CHIP bound to an Hsp70 C-terminal 

peptide, the CHIP K30A mutant protein is more ‘rigid’ than uncomplexed wt CHIP 

as demonstrated by SAXS, is more resistant to limited proteolysis by trypsin, and has 
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a higher Tm than wt CHIP as calculated by thermal shift assays using Sypro Orange 

(Figures 5.28, 5.29 and 5.30).  

 

Thus, changes in the dynamic structure of CHIP upon binding to Hsp70 or following 

the introduction of TPR domain mutations which mimic Hsp70 binding are 

restricted. This causes CHIP to adopt a conformation where occupation of the TPR 

domain by Hsp70 or peptide mimetics is transmitted to the substrate binding 

interface, resulting in a decrease in substrate binding. Based on our observations, we 

propose that CHIP’s TPR domain represents an allosteric modulatory site for 

substrate binding (Figure 5.31; lower panel). In brief, Hsp70 binding to IRF-1, 

possibly to the C-terminal Mf1 domain of IRF-1, recruits CHIP to the complex. 

Dissociation of CHIP from Hsp70 and/or release of Hsp70 from the complex then 

allosterically activates CHIP’s substrate binding function, allowing it to directly bind 

to and ubiquitinate IRF-1 (Figure 5.31; lower panel). It is interesting to speculate that 

the allosteric model may apply to other Hsp70 client proteins as well. To this effect, 

we found that Hsp70 inhibited p53 ubiquitination by CHIP in vitro similar to IRF-1 

(data not shown).  

 

Although there is no clear experimental evidence for the involvement of Hsp70 in 

enhancing CHIP-dependent ubiquitination of its client proteins except through the 

use of mutant CHIP proteins such as CHIP K30A, in vitro ubiquitination assays 

performed using the Hsp70 co-chaperone BAG-1 as substrate show a clear 

requirement for Hsp70, with CHIP-dependent ubiquitination of BAG-1 being almost 

undetectable in the absence of Hsp70 [405]. However, since BAG-1 is not a classical 

Hsp70 client protein but rather a co-chaperone that binds to the ATPase domain of 

Hsp70 instead of its substrate-binding domain, it is interesting to speculate that the 

role of Hsp70 in CHIP-dependent ubiquitination may vary depending on whether 

Hsp70-binding proteins are ‘clients’ or not.  
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Figure 5.31 Allosteric regulation of CHIP’s E3 ligase activity by Hsp70  
(A) As described in Figure 5.19, CHIP ubiquitination of IRF-1 may occur in the 
presence (I) or absence (II) of Hsp70. However, data presented in this thesis raises 
the possibility of a new model, wherein the direct binding of both Hsp70 and CHIP 
to IRF-1 is essential for its efficient ubiquitination (III). (B) Proposed allosteric 
model for CHIP ubiquitination of IRF-1. Hsp70 binding to IRF-1 recruits CHIP to 
the complex. Dissociation of Hsp70 from CHIP and/or release of Hsp70 from the 
complex allosterically activate CHIP, allowing it to directly bind to, and ubiquitinate, 
IRF-1.  
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CHAPTER 6: SUMMARY AND FUTURE WORK 

 

 

There is very limited information available on the IRF-1 interactome, with only a 

handful – about 16 – known binding proteins. For a multi-functional protein such as 

IRF-1 that plays important roles in tumour suppression, anti-viral defence, the DNA 

damage response and cell growth control, this is very surprising. The dearth of 

information on IRF-1 protein-protein interactions has been attributed to difficulties in 

identifying these by conventional approaches such as yeast two hybrid and pulldown 

assays; additionally, the IRF-1 protein is expressed at very low levels, is highly 

unstable and is toxic to cells, making it difficult to work with. The focus of this thesis 

was to expand the IRF-1 interactome by identifying novel interacting proteins and to 

attempt to study the functional consequences of some of these interactions. Various 

approaches to identify IRF-1 binding proteins were tested, of which a biochemical 

screen using biotin-tagged overlapping IRF-1 peptides immobilised on streptavidin-

agarose to pull out interacting proteins from mammalian cellular lysate proved most 

successful. Using this method, a multi-protein binding interface on the IRF-1 protein, 

which we have named the Mf2 domain (multi-functional domain 2), was identified 

and novel interactions of this domain with NPM1, TRIM28, YB-1, SET and C23 

were validated (Chapter 3).  

 

Nucleophosmin/NPM has been shown to bind to the nuclear localisation sequence of 

proteins such as SV40 T-antigen [292, 293] and given the observation that NPM 

binds to the IRF-1 Mf2 domain, which includes its NLS sequence, it will be of 

interest to study whether NPM plays a role in IRF-1 nuclear import. Interestingly, 

preliminary analyses have shown that IRF-1 is excluded from the nucleus in a 

leukaemia cell line containing an NPM mutation which aberrantly localises the 

protein to the cytoplasm rather than the nucleus/nucleolus (Yuh Ping Chong and 

Kathryn Ball, unpublished observations). Although further studies need to be 

performed to clarify NPM’s role in IRF-1 cellular localisation, it is interesting to 

speculate on whether NPM is itself ‘activated’ by signals that activate IRF-1, or, 

alternately, whether NPM preferentially binds to post-translationally modified IRF-1. 
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To this effect, IRF-1 is known to be activated, possibly by phosphorylation, under 

some conditions, which results in an increased nuclear import of the protein [364, 

365]. Additionally, although ubiquitination of IRF-1 has been shown to target the 

protein for proteasomal degradation, work described in this thesis (see Chapter 5) 

shows that the ubiquitin E3 ligase CHIP together with its associated E2 enzymes, can 

form K63-linked poly-ubiquitin chains on IRF-1. As K63-linked ubiquitin chains are 

primarily involved in cellular signalling [398, 399], it appears as though IRF-1 

ubiquitination may be implicated in signalling pathways over and above its role in 

protein degradation. It will therefore be useful to study whether NPM preferentially 

binds phosphorylated or K63-linked ubiquitinated IRF-1. Interestingly, endogenous 

NPM from A375 cells treated with IFNβ or IFNγ bound more strongly to IRF-1 

peptide 9 than NPM from cells treated with pIpC or left untreated (Vikram Narayan 

and Kathryn Ball, unpublished observations). Thus, it is likely that NPM may itself 

be modified in cells and this may impact on its protein-protein interactions. It is 

worth noting that NPM is known to be phosphorylated in cells [406]. 

 

It will also be worthwhile to study the functional consequences of the interactions of 

the other binding proteins identified in this thesis with IRF-1 – for example, the role 

of YB-1 in IRF-1 transactivation, or possible functions for XRCC1 and CK2 in the 

DNA damage response pathway and in IRF-1 phosphorylation, respectively. In the 

case of the IRF-1:CK2 interaction, the study can be extended to include fine-

mapping of IRF-1 phosphorylation sites in cells using mutant proteins and in vitro by 

mass spectrometry.  

 

Data from the Ball group has demonstrated that the C-terminal 25 aa of IRF-1 is a 

multi-functional sub-domain of the enhancer domain that: (i) is implicated in IRF-1-

dependent cell growth inhibition, (ii) is essential for Cdk2 repression by IRF-1, (iii) 

contains a negative regulatory domain for IFNβ activation, (iv) contains a 

degradation signal that targets IRF-1 for proteasomal degradation, and (v) contains a 

region that governs IRF-1 stability, as mutations in this region render the IRF-1 

protein highly unstable. Accordingly, we have named this sub-domain the Mf1 or 

multi-functional domain 1. In a quest to identify factors involved in regulating Mf1 
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domain function, an Mf1 domain-containing peptide was used as bait to ‘fish’ for 

interacting proteins from cellular lysate. Subsequently, the molecular chaperone 

Hsp70 was shown to directly bind to an LXXLL motif within the Mf1 domain and to 

cooperate with Hsp90 in the regulation of IRF-1 turnover and activity (Chapter 4).  

 

Interestingly, it appears as though the phosphorylation of the Mf1 domain prevents 

its association with Hsp70 (Figure 4.22). Thus, it will be beneficial to study the 

cross-talk between IRF-1 phosphorylation and degradation pathways and to elucidate 

the role(s) of possible kinases such as CK2 (see above) in this process. It may also be 

worthwhile to study whether Hsp90 is implicated in IRF-1 phosphorylation through 

the recruitment of kinases either directly or via its co-chaperone Cdc37, as has been 

recently demonstrated for IRF-3 [358].  

 

The work presented in this thesis has also identified the Carboxy-terminus of Hsc70 

interacting protein CHIP as the first Ub-E3 ligase for IRF-1 (Chapter 5). CHIP 

appears to be a stress-specific E3 ligase for IRF-1 that triggers its ubiquitination 

under conditions of heat stress and heavy metal stress. However, as CHIP also 

interacts with IRF-1, albeit to a much lesser extent, under non-stress conditions, it 

will be interesting to study whether CHIP is involved in regulating IRF-1 function 

under these conditions. To this effect, we have recently shown that CHIP appears to 

‘chaperone’ IRF-1 under non-stress conditions [407]. Thus, when CHIP is over-

expressed in cells, IRF-1 protein levels are correspondingly increased, while CHIP 

knockdown by siRNA results in a concomitant decrease in IRF-1 levels [407]. 

Although there is only a limited amount of information available on CHIP’s ability to 

function as a molecular chaperone, it is believed that CHIP’s chaperone activity is 

not dependent on its association with Hsp70; however CHIP and Hsp70 can 

cooperate synergistically to refold denatured protein substrates such as luciferase 

[395]. In addition to enhancing luciferase refolding in cultured cells [395], CHIP has 

been shown to chaperone the p53 protein by maintaining it in a DNA-binding 

conformation in the absence of Hsp70 [396].  
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Available data on the sites at which IRF-1 ubiquitination occurs is contradictory, 

with one study showing that the lysine residues in the enhancer domain (K275 and 

K299) are the major ubiquitination sites [368]. Analyses by the Ball group, however, 

have shown that although the enhancer domain of IRF-1 is required for its efficient 

ubiquitination, it does not contain the principal ubiquitination sites [157]. It will 

therefore be worthwhile to identify CHIP ubiquitination sites on IRF-1 in vitro and 

possibly in vivo by mass spectrometry and using mutant proteins. Preliminary data 

from the Ball group has shown that IRF-1 appears to be ubiquitinated at lysines in 

the DNA-binding domain but not in the C-terminus (Vivien Landré, Dimitris 

Xirodimas and Kathryn Ball, unpublished observations), consistent with our previous 

studies [157].  

 

The data in Chapter 5 of this thesis shows a direct interaction between CHIP and 

IRF-1, that does not require Hsp70. However, in the canonical model, Hsp70 binds to 

misfolded proteins and recruits E3 ligases such as CHIP [380, 381], which initiate 

ubiquitination and subsequent degradation of the misfolded substrate proteins in the 

absence of a direct interaction between the E3 and substrate [347, 380, 381]. 

Contrary to this, recent studies have shown that CHIP can directly bind to some of its 

substrates, resulting in ubiquitination [383, 384]. Based on observations that the 

direct interaction of IRF-1 with CHIP is required for its ubiquitination in A375 cells 

(Figure 5.17), we propose a model wherein Hsp70 binding to IRF-1 recruits CHIP, 

whose dissociation from Hsp70 allosterically activates its binding affinity for IRF-1, 

resulting in the direct binding of CHIP to IRF-1 and subsequent IRF-1 ubiquitination 

(Figure 5.31). In support of this model, biophysical evidence showing that Hsp70 

binding ‘tightens’ CHIP by limiting its conformational flexibility is presented 

(Figures 5.24, 5.29 and 5.30), which is in good agreement with recent studies 

showing that Hsp70 binding stabilises the highly flexible TPR domain of CHIP into 

an ordered structure [389]. Further experiments will need to be performed, however, 

to confirm the validity of this model and cellular evidence will need to be provided. 

It will also be attractive to extend the study to include other Hsp70 client proteins – 

to this effect, data from the Ball group has shown that similar to its effects on IRF-1, 
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Hsp70 inhibits p53 ubiquitination by CHIP in vitro (Vikram Narayan, Vivien Landré 

and Kathryn Ball, unpublished observations).  

 

Analysis of the solution structure of CHIP by SAXS consistently showed that wt 

CHIP is predominantly a tetramer in solution, while the K30A CHIP mutant is a 

dimer (data not shown). This is in accordance with gel filtration data by the Ball 

group (Ted Hupp, Vikram Narayan and Kathryn Ball) and others [395]. It is 

interesting to speculate that the TPR domain is involved in bringing together two 

CHIP dimers to form a tetramer, which is the ‘active’ form of CHIP. Binding of 

Hsp70 to the TPR domain of CHIP should therefore prevent tetramerisation, 

resulting in the formation of Hsp70-associated CHIP dimers that may not be as active 

as tetrameric CHIP. To prove this hypothesis, a systematic study will need to be 

performed that examines the change in CHIP oligomerisation status in the presence 

and absence of Hsp70, using techniques including analytical gel filtration, analytical 

ultracentrifugation and in vitro cross-linking. 

 

In addition to their roles in targeting proteins for proteasomal degradation, Hsp70 

family proteins have also been implicated in lysosomal degradation in a process 

known as chaperone-mediated autophagy (CMA) [351]. Interestingly, CMA is 

activated under conditions of serum withdrawal (see [351]) and as IRF-1 protein 

levels decrease under conditions of serum starvation in a CHIP-independent manner 

(Figure 5.7), it is interesting to speculate that chaperone-mediated autophagy may be 

implicated in this process. CMA is triggered by Hsc70 (Hsp73) binding to a KFERQ-

like motif in target proteins (see [351]); preliminary analysis has shown that IRF-1 

contains a KFERQ-like motif adjacent to its Mf2 domain and a peptide based on this 

region binds to endogenous Hsc70 from A375 cellular lysate with high affinity 

(Vikram Narayan and Kathryn Ball, unpublished observations). There is no available 

literature on IRF-1 degradation by the lysosome and hence it will be valuable to 

study this further, and to identify signals such as serum withdrawal that may target 

IRF-1 for degradation via the lysosome rather than the proteasome.  

 



 286 

Studies by the Ball group including data presented in this thesis have begun to 

unravel the complex roles of the Mf1 and Mf2 domains in IRF-1 function. Evidence 

suggests that the two domains are intimately associated as deletion of the Mf1 

domain prevents the cooperative binding of two IRF-1 monomers to the same DNA 

molecule although the binding of a single monomer is unaffected (Sarah Meek and 

Kathryn Ball, unpublished observations). However, owing to a striking lack of 

structural and biophysical data on IRF-1, it is unknown whether the two domains 

interact directly when in the context of the full-length protein. Thus, it will be highly 

beneficial to crystallise the full-length IRF-1 protein and also to study its solution 

structure by NMR, SAXS etc. Further, it will be interesting to examine how IRF-1 

binding to DNA and also to proteins such as CHIP, Hsp70, NPM etc may affect its 

overall structure as this will give us an insight into how IRF-1’s interactome affects 

its structure/function. As crystallography and NMR require large quantities of pure 

protein, conditions for the expression and purification of full-length IRF-1 will need 

to be established. We (Vikram Narayan, Elizabeth Blackburn, Martin Wear, 

Malcolm Walkinshaw, Ted Hupp and Kathryn Ball) recently carried out an extensive 

screen to identify conditions for the expression of milligram quantities of soluble 

IRF-1 protein in E.coli and are currently optimising conditions for the purification of 

the recombinant protein to homogeneity.  

 

Thus, the identification of regulatory sub-domains and of novel IRF-1 interacting 

proteins presented in this thesis (summary Figure 6.1; [390, 407, 408]) has begun to 

elucidate the molecular basis of IRF-1 function; however much work remains to be 

done to fully uncover the true extent of the IRF-1 interactome and to study the 

functional consequences of IRF-1 protein-protein interactions. 
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Figure 6.1 Updated schematic of IRF-1 domain organisation and protein-
protein interaction interfaces 
NLS nuclear localisation signal; HD putative homodimerisation domain; CT2 and 
CT3 (blue lines) C-terminal p300 binding sites. Mf1 and Mf2 multifunctional 
domains 1 and 2. Regulatory sub-domains marked in red (Mf1 and Mf2) were 
identified through work described in this thesis. Proteins binding to these regions are 
also indicated (in red). 
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APPENDIX I  

 

Summary of the major functions of IRF family members (from Tamura et al, 

2008 [41]) 

 

IRF Expression 

Role in 
immune cell 

function 
(target genes) 

Role in 
development of 
immune cells 

and other cells 

Role in cell 
growth 

 
IRF-1 

 
• Constitutive 
and IFN-
inducible in 
various cell types 
• Inducible by 
DNA damage at 
transcriptional 
and 
posttranslational 
levels 
• Mainly in the 
nucleus and 
partially in the 
cytoplasm 
• Modified by 
TLR signaling to 
efficiently 
translocate to the 
nucleus 

 
• Stimulates 
expression of 
IFN-inducible 
genes (GBP, 
iNOS, Caspase-
1, Cox-2, 
CIITA, TAP1, 
and LMP2) 
• Binds to 
MyD88 and 
enhances TLR-
dependent gene 
induction in 
IFN-γ-treated 
cells (IFN-β, 
iNOS, IL-
12p35, and IL-
12p40) 

 
• Required for 
NK cell 
development (IL-
15 in bone 
marrow stromal 
cells) 
• Required for 
differentiation of 
CD8+ T cells 
• Promotes Th1 
differentiation 
through NK cells 
(IL-15), 
MΦs/DCs (IL-
12), and a T cell–
intrinsic 
mechanism 
• Suppresses 
Th2 
differentiation 
(represses IL-4) 
 

 
• Suppresses 
oncogene-
induced 
transformation 
(Lysyl oxidase) 
• Required for 
DNA damage–
induced growth 
arrest 
(p21/WAF1/CIP
1) 
• Required for 
DNA damage–
induced 
apoptosis 

 
IRF-2 

 
• Constitutive 
and IFN-
inducible in 
various cell types 

 
• Attenuates 
type I IFN 
responses by 
antagonizing 
IRF1 and IRF9 
• In some cases 
cooperates with 
IRF1 to activate 
transcription 
(IL-12p40 and 
Cox-2) 

 
• Required for 
differentiation of 
CD4+ DCs 
• Required for 
NK cell 
development 
• Suppresses 
basophil 
expansion 
• Promotes Th1 
differentiation 
(IL-12 in MΦs) 
• Suppresses 
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Th2 
differentiation 
(represses IL-4) 
 

 
IRF-3 

 
• Constitutive in 
various cell types 
• Mainly in the 
cytoplasm 
• Phosphorylated 
upon virus 
infection, TRIF-
dependent 
signaling, 
cytosolic PRR 
signaling, and 
DNA damage, 
and then 
translocates to the 
nucleus 
 

 
• Induces type I 
IFNs (IFN-α4 
and IFN-β) and 
chemokines 
(CXCL10) upon 
virus infection, 
TLR 
stimulation, and 
DNA 
stimulation 

  
• Stimulates 
apoptosis in 
MΦs upon 
bacterial 
infection 
• May promote 
DNA damage–
induced 
apoptosis 

 
IRF-4 

 
• Constitutive in 
B cells, MΦs, and 
CD11b+ DCs and 
inducible by 
antigen 
stimulation in T 
cells and by TLR 
signaling in MΦs 
• Mainly in the 
nucleus and 
partially in the 
cytoplasm 

 
• Binds to 
MyD88 and 
negatively 
regulates TLR-
dependent 
induction of 
proinflammator
y cytokine 
genes 

 
• Required for 
differentiation of 
CD4+ DCs 
• Supports B cell 
development (Ig 
light chains) 
• Required for 
plasma cell 
differentiation 
(Blimp-1 and 
AID) and GC 
formation 
• Required for 
Th2 
differentiation 
(IL-4) 
 

 
• May possess 
oncogenic 
potential 

 
IRF-5 

 
• Constitutive in 
B cells and DCs, 
and inducible by 
type I IFNs and 
TLR signaling 
• Mainly in the 
cytoplasm 
• Phosphorylated 

 
• Binds to 
MyD88 and 
positively 
regulates TLR-
dependent 
induction of 
proinflammator
y cytokine 

  
• Suppresses 
oncogene-
induced 
transformation 
• Required for 
DNA damage–
induced 
apoptosis 
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upon virus 
infection, TLR-
dependent 
signaling, and 
DNA damage, 
and then 
translocates to the 
nucleus 

genes (IL-
12p40, IL-6, 
and TNF-α) 
• Induces type I 
IFNs and 
proinflammator
y cytokines 
upon virus 
infection (type I 
IFNs, IL-6, and 
TNF-α) 
 

 
IRF-6 

 
• Constitutive in 
skin 

  
• Required for 
keratinocyte 
differentiation 
 

 

 
IRF-7 

 
• Constitutive in 
B cells, pDCs, 
and monocytes 
and inducible by 
type I IFNs in 
various cell types 
• Mainly in the 
cytoplasm 
• Phosphorylated 
upon virus 
infection and 
TLR-dependent 
signaling, and 
then translocates 
to the nucleus 
 

 
• Binds to 
MyD88 and 
positively 
regulates TLR-
dependent 
induction of 
type I IFNs 
(IFN-α/β) 

  

 
IRF-8 

 
• Constitutive in 
B cells, MΦs, and 
CD11b− DCs and 
further inducible 
by IFN-γ in MΦs 
and by antigen 
stimulation in T 
cells 
• Mainly in the 
nucleus and 
partially in the 
cytoplasm 

 
• Binds to 
TRAF6 and is 
required for 
TLR9 signaling 
in DCs and 
MΦs 
• Promotes 
type I IFN 
production in 
DCs (IFN-α/β) 
• Stimulates 
IFN-γ- and 
PAMP-

 
• Required for 
differentiation of 
CD8α+ DCs and 
pDCs 
• Stimulates MΦ 
differentiation 
(Blimp-1, METS, 
and 
lysosomal/endos
omal enzyme-
related genes; 
represses 
disabled-2) 

 
• Inhibits 
myeloid cell 
growth (Blimp-
1, METS, and 
p15/INK4B) 
• Promotes 
apoptosis in 
myeloid cells 
• Its absence 
leads to CML-
like disease 
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inducible genes 
(IL-12p40, 
iNOS, FcγRI, 
PML, and 
others) 

• Supports B cell 
development (Ig 
light chains) 
• Stimulates the 
GC program 
(BCL6 and AID)
• Promotes Th1 
differentiation 
through 
MΦs/DCs (IL-
12) 
 

 
IRF-9 

 
• Constitutive 
and inducible by 
IFN-γ in various 
cell types 
• Mainly in the 
nucleus 

 
• Binds to 
STAT1 and 
STAT2 to form 
ISGF3 and 
stimulates type 
I IFN–inducible 
genes (OAS, 
PKR, IRF7, and 
many others) 
 

  
• Mediates type 
I IFN induction 
of p53 (p53) 

 

 


	Contents
	PhD Narayan 2011

